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Capacity fade of lithium-ion batteries is mainly accompanied by the degradation of solid 
electrolyte interphase (SEI) and the damage of electrical interfaces in electrodes. In this 
dissertation, two different microcapsule-based strategies to address degradation and enhance 
battery performance are developed: (1) time-release of encapsulated battery additive, vinylene 
carbonate (VC) and (2) mechanical triggering of microcapsules embedded in battery electrodes.  
Time-release of encapsulated battery additives aims to promote a beneficial SEI layer at the 
interface between electrode and electrolyte by controlled delivery of battery additives. To prepare 
microcapsules filled with high loading amount of VC in the core, we design a new 
microencapsulation method based on solvent-exchange technique which allows VC to diffuse into 
the core of as-prepared microcapsules at elevated temperature. The release profile of VC 
microcapsules is evaluated using 1H-NMR method in electrolyte, as well as in operating pouch 
cells. The microcapsules rapidly release VC for SEI formation then more slowly release the 
remaining VC to stabilize the interface for subsequent cycles. In pouch cells with encapsulated VC 
(5 wt% VC), the VC concentration in electrolyte remains lower than for pouch cells where the 
same amount of VC is directly added to electrolyte. 
Time-release of encapsulated VC for enhanced performance is investigated in both 
NCA/graphite and LMO/graphite batteries. Electrochemical Impedance Spectroscopy (EIS) and 
cycling at different rates are conducted for pouch cells with varying VC additive (0, 2 and 5 wt%) 
and VC microcapsules (5 wt% VC). In NCA/graphite batteries, pouch cells with 5 wt% VC 
additive (both non-encapsulated and microencapsulated VC) show improved capacity retention 
over 400 cycles at 1C-rate, compared to that without VC additive. In the case of directly added 
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VC, a high initial concentration of VC in the pouch cell decreases the rate capability of the battery 
due to increased interfacial resistance. In contrast, time release of microencapsulated VC increases 
discharge capacity 2.5 times at 5C-rate compared to the non-encapsulated VC system. 
In LMO/graphite batteries, the pouch cells with encapsulated VC also exhibit cycling stability 
while maintaining lower cell resistance compared to pouch cell with directly-added VC at the same 
loading. We also conduct EIS measurements using pouch cells with lithium metal reference to 
determine the effect of encapsulated VC on the cell resistance of the anode and cathode, separately. 
ICP-MS analysis is performed to measure Mn deposition on anode and Mn dissolution in 
electrolyte. The amount of Mn deposited on anode relies on the VC concentration as well as water 
or HF traces in electrolyte. In the presence of HMDS additives which can remove water and HF 
in electrolyte, the pouch cell with encapsulated VC (5 wt% VC) exhibits lower Mn deposition than 
the pouch cells with directly-added VC (0, 2 and 5 wt%). 
Release of microcapsule core content is also demonstrated by mechanical triggering of 
microcapsules embedded in electrodes upon cycling. We first evaluate capsule stability by 
quantifying core release in four different battery environments: capsules dispersed in electrolyte 
with and without cycling, and capsules embedded in electrodes immersed in electrolyte with and 
without cycling. 1,2-dichlorobenzene (DCB)-filled PU/PUF microcapsules are prepared by 
varying the amount of PU and UF. Capsule thermal stability, and DCB core release in electrolyte 
are evaluated by TGA and 1H-NMR to identify the most suitable microcapsules for the battery 
environment. Stable microcapsules survive electrode fabrication process and are successfully 
incorporated into graphite and silicon electrodes. For in-situ measurement of capsule damage in 
electrodes upon cycling, an in-situ imaging technique is developed using microcapsules with 
fluorescence dye in the core. Little change in fluorescence is observed for graphite electrodes, 
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indicating no capsule rupture. For silicon electrodes, integrated fluorescence intensity significantly 
decreases by the tenth cycle. Capsule damage is further investigated by SEM and GC-MS analysis 
for cycled electrode and electrolyte. SEM images reveal that embedded microcapsules are ruptured 
by the large volume change that occurs upon cycling in silicon electrodes. The amount of capsule 
damages is also quantified by GC-MS to measure the amount of DCB core release in electrolyte 
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1.1. Performance Degradation of Lithium-Ion Batteries 
Performance degradation of lithium-ion batteries has been of great interest due to increasing 
demand for extended battery cycle-life. Upon battery cycling, capacity and power fade occur as a 
result of either change of the electrode / electrolyte interface or degradation of the electrode 
materials [1]. Change in the electrode/electrolyte interface have been identified as a major cause 
of performance degradation in graphite based batteries. Fig. 1.1a shows the degradation 
mechanism for the graphite anode interface upon cycling. Upon cycling, electrolyte is decomposed 
at the interface to form a protective layer called the solid electrolyte interphase (SEI) [2, 3]. Some 
lithium ions participate in this process and are trapped as an inorganic salt or a part of polymeric 
species in SEI, which contributes to irreversible lithium ion consumption. The SEI plays an 
important role because it transports only lithium ions, while prohibiting electron transfer and 
further electrolyte decomposition. However, the SEI layer is not stable and experiences dissolution 
and precipitation upon cycling at the anode interface [1, 4]. As a result, the SEI layer thickens with 
continuous lithium ion consumption, resulting in increasing cell impedance and capacity fade [5-
7]. At high temperature, these processes are accelerated and battery performance degrades even 
faster [8, 9]. Surface film formation due to electrolyte decomposition also occurs on the cathode. 
Electrolyte can be oxidized to form a surface layer called the cathode electrolyte interphase (CEI), 
which induces gas evolution especially at high voltage [10]. The evolved gas increases the pressure 




Mechanical degradation of electrode materials is a second for capacity fade, especially in high 
capacity anodes such as silicon, and cathode materials such as LiMn2O4 (LMO). Silicon has much 
higher theoretical capacity (4200 mAh/g) but suffers from its huge volume changes (~ 370 %) [11]. 
Expansion and contraction of silicon particles during cycling induce high internal stresses and 
subsequent structural changes such as electrode porosity and thickness, crack formation, and 




electrical isolation [12-17], as shown in Fig. 1.2 and 1.3. Mechanical failure occurs even in 
graphite electrodes with relatively smaller volume change of less than 10 %. In electric vehicles, 
wide range of temperature and charge/discharge rate is demanded. Recent study for mechanical 
degradation of graphite electrode indicates that particle fracture occurs at low temperature and 
high C-rate (Fig. 1.4) [18].  
Figure 1.2: Structural change of silicon electrodes with different binder systems. (a) 
Thickness change and porosity before and after cycle [12], and (b) electrode expansion 





Cathode materials such as lithium metal oxides degrade through various routes such as 
structural disordering, phase transition and metal dissolution, as shown in Fig. 1.1b. The insertion 
and extraction of lithium ions lead to distortion of the crystal lattice which induces mechanical 
stress or strain in these oxides [19, 20]. This process accumulates upon cycling to cause structural 
Figure 1.3: Mechanical degradation of silicon electrodes during cycling. (a) Isolation of 
silicon active particles [17] and (b) crack formation in electrode [16]. 
Figure 1.4: SEM images of graphite anode after five SEI formation cycles after five SEI 
formation cycles (a), after cycling at 25 °C (b) and -10 °C (c) [18].   
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changes or damage, resulting in capacity fade [21]. Metal dissolution is a severe degradation 
mechanism of the LMO cathode [22]. LMO is an attractive cathode material to replace 
conventional LiCoO2 (LCO) cathodes, in terms of cost, materials abundance, low toxicity, and 
high voltage operation [23, 24]. Fig. 1.5 summarizes two different manganese dissolution 
processes that occurs in LMO cathodes. In the first mechanism, HF in electrolyte attacks the LMO 
and causes dissolution of Mn ions. HF is generated from either trace water in electrolyte or thermal 
decomposition of LiPF6 in electrolyte. In the second mechanism, disproportionation reaction of 
2Mn3+  Mn2+ + Mn4+ occurs on the LMO surface in the discharged state. Contrary to insoluble 
Mn4+, Mn2+ is soluble in electrolyte and dissolves out of the cathode. Mn dissolution not only 
accelerates structural changes but also affects anode performance. Dissolved Mn2+ deposits at the 
anode interface causing impedance rise [25]. 
 
 
Figure 1.5: Manganese dissolution mechanism of LiMn2O4 cathode materials [1]. 
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1.2. Battery Additives for Enhanced Performance of Lithium-Ion Batteries 
 
One strategy to reduce performance degradation of lithium-ion batteries is to incorporate 
battery additives into electrolyte at a small percentages. Battery additives play an important role 
to form stable SEI layers at the interface between electrodes and electrolyte [26]. In the absence 
of battery additives, electrolyte decomposes to form unstable SEI layers that can grow significantly 
[4], causing performance degradation such as impedance rise and capacity fade. In the presence of 
battery additives, however, additives are decomposed prior to electrolyte decomposition at the 
electrode/electrolyte interface and form more stable SEI layers [27, 28]. Vinylene carbonate (VC) 
is a well-known SEI-forming battery additive in the commercial sector. VC can be 
electrochemically reduced or oxidized on both electrodes and forms SEI or CEI layers that consists 
of polymeric or oligomeric organic compounds with lithium ions [29, 30]. Many studies have 
shown that VC enhances capacity retention for graphite-based and even silicon-based batteries 
[31-35].  
The concentration of VC additives in electrolyte is generally limited to ~ 2 wt% due to increase 
of cell resistance and gas formation at higher VC concentrations [36-38]. As shown in Fig. 1.6, 
high VC concentration leads to better capacity retention. But, there is a significant increase of cell 
interfacial resistance due to a reaction of surplus VC at the interfaces (Fig. 1.6b). The cell 
interfacial resistance is correlated with the kinetics of the battery charging/discharging processes. 
An increase of cell interfacial resistance can significantly reduce the battery performance 
especially at fast charging /discharging rate. Gas evolution is another important concern related to 
battery additives. Gas can be generated from additives and electrolyte decomposition at the 
electrode/electrolyte interface. VC additives are usually more reactive than electrolyte and at high 
additives concentration, excessive gas evolution can occur and harm battery safety as well as 
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performance [38] (Fig. 1.6c). 
The limited amount of VC added to the cell is rapidly consumed to form SEI layers and 
Figure 1.6: (a) Capacity retention during cycling at 1C-rate, (b) charge transfer resistance 
measured at 3.8V after the first charging for SEI formation at 30, 40, 50 °C, and (c) gas 
volume evolved during voltage holding at 3.9 and 4.2V for NMC/graphite pouch cells 
initially containing different amount of VC in electrolyte [35, 37].  
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exhausted during initial battery cycles [38]. As shown in Fig. 1.7 for NMC /graphite pouch cells 
with 2 wt% VC in electrolyte, VC is dramatically exhausted during the first charging and little VC 
was left in electrolyte. Once VC additives are used up, the degradation mechanism at the electrode 
/electrolyte interfaces is accelerated for prolonged cycles because no additives are available to 
stabilize the damaged interfaces. Additional VC is required to stabilize the interfaces and extend 
battery life. If additional VC is added initially, cell resistance or gas evolution would increase. 
Consequently, there is a trade-off when VC additives are incorporated to electrolyte, and little 
research has been done to overcome this issue.  
 
VC additives have been also investigated for high-voltage spinel LMO cathode materials. VC 
Figure 1.7: VC left in NMC/graphite pouch cell initially containing 2 wt% VC charged to 
different cutoffs during formation, shown alongside the potential versus capacity curve (a), 
and VC consumed in pouch cells after a 450 h storage at 4.2 V and 40 °C (b) [38]. 
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additives improve the capacity retention of LMO/graphite batteries especially at high temperature 
cycling [39, 40]. This improvement has been attributed to the high temperature stability of the VC-
derived SEI layer on the graphite anode [41]. Meanwhile, less work has been done to characterize 
the effect of VC on the LMO cathode / electrolyte interface and Mn dissolution. The VC-derived 
CEI layer can act as a protective layer at the surface of LMO active particles on cathode and affect 
Mn dissolution [39]. Higher VC concentration increases the gas evolution and interfacial cell 
resistance due to excessive VC oxidation on LMO cathode operating at high voltage range [42]. 
Zhan et al. recently reported that Mn deposited on the graphite anode does not exist in metallic 
form but as Mn(II) through the metathesis reaction between dissolved Mn(II) ions and mobile 
lithium ions in the SEI (Fig. 1.8) [25]. Mn deposition tends to increase with initial VC 
concentration in electrolyte, since the SEI layer formed in electrolyte with higher VC concentration 
provides more mobile lithium ions [43]. Although VC-derived SEI layer shows better capacity 
retention than SEI layer induced in pure electrolyte, higher Mn deposition in VC-derived SEI can 
limit the loading amount of VC that can be added to electrolyte. In this sense, an optimal strategy 
to control VC concentration on the electrode / electrolyte interface is also required when VC 
additives are incorporated to improve the capacity retention. 
 In addition to VC, other additives have been developed to stabilize the electrode / 
electrolyte interface and to prevent material degradation [44, 45]. Fluoroethylene carbonate (FEC) 
additive is commonly used with silicon anodes to reduce irreversible capacity and lead to greater 
cycling stability, due to a highly beneficial effect on SEI film formation on the surface of silicon 
particles (Fig. 1.9) [16, 46]. Additives can be also added to electrolyte to improve the thermal 




Figure 1.8: (a) Schematic of Mn2+ / Li+ ion exchange in SEI layers formed with and without 
electrolyte additives. The additive-derived SEI layer contains higher content of polymers, 
which is able to host more Li+ ions. (b) Concentration of Mn deposited on graphite electrodes 




Figure 1.9: (a) Specific capacity and coulombic efficiency of the Si/Li half-cells cycled 
between 0.12 and 0.9V at 500 mA/g of Si, (b) possible FEC decomposition reactions and 
products, and (c) schematic representation of SEI formation on a silicon anode which is long-
time cycled with and without FEC additives [16]. 
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which deteriorate SEI on graphite anode surface [26]. By adding Lewis base additives such as 
phosphine or boron-based anion receptors, the reactivity of PF5 can be reduced by forming a weak 
complex with additives [47]. In order to eliminate HF and trace water in electrolyte to restrict 
undesirable metal dissolution on cathode, a series of “N-Si”-based additives has been reported. 
Among them, hexamethyldisilazane (HMDS) significantly decreases Mn dissolution at elevated 
temperature resulting in improved capacity retention of LMO-based batteries [48-53]. Finally, 
overcharge protectors and flame-retardant additives have been studied to increase safety under 
exposure to hazardous conditions [26]. 
 
1.3. Microcapsules-based Approaches to Control Lithium-Ion Battery Performance 
Microcapsules have been extensively studied and used to store and deliver cargo materials for 
many applications in cosmetic, pharmaceutical and agricultural industries [54-56]. More recently, 
microcapsules containing a healing agent have enabled self-healing properties in polymers [57-
61]. When damaged by external mechanical forces, embedded microcapsules are ruptured and 
release healing agents to repair the damaged region. Microcapsules are attractive for storage and 
protecting of payloads as well as controlled release of payloads by interaction with external 
environment. Microcapsules are also used in pharmaceutical area for drug delivery. Drugs are 
encapsulated by a polymer matrix and released in a sustained or programmed manner at different 
locations within the human body. Delivery of encapsulated materials can be controlled by changing 
capsule size, shell-wall thickness and shell-wall materials. 
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Microcapsules have very recently been applied to energy storage devices such as lithium-ion 
batteries (Fig. 1.10). Autonomous shut-down to prohibit thermal runaway of lithium-ion batteries 
has been achieved using microspheres that trigger at high temperature [62]. Flame retardants have 
also been encapsulated by thermo-responsive shell-walls that trigger at a desired temperature, 
releasing the additives only when needed [63].  
In this dissertation, microcapsules are used to deliver battery additives for enhanced 
performance of lithium-ion batteries. As described in Section 1.2, a high loading of battery 
additives is required to extend the cycle-life, but high additive concentration in electrolyte should 
be avoided due to side-effects such as increased cell resistance and gas evolution. The concept of 
microcapsule-based time release is shown schematically in Fig. 1.11. Microcapsules initially 
release a desired amount of additives into electrolyte for SEI formation, then release additional 
amounts of additive over time. In great contrast to directly adding high concentration of additives 
initially (overdose), controlled release of encapsulated additives lowers initial additive 
Figure 1.10: Microcapsule-based approaches for lithium-ion batteries. (a) PE microsphere 
for autonomous shutdown and (b) thermo-responsive microcapsules with fire-extinguish 
agent [62, 63]. 
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concentration at the same loading. Microencapsulated battery additives have potential to provide 
an effective delivery method to enhance the battery performance. 
 
Microcapsules can be also applied for electrical restoration to overcome mechanical 
degradation of battery electrodes. As described in Section 1.1, mechanical degradation of 
electrodes induced by volume change of active materials during cycling lead to damage and loss 
of electrical contact of active materials in electrode. Microcapsules containing conductive agents 
can be incorporated to electrodes, triggered by mechanical force to release their conductive core, 
and restore electrical pathway. Microcapsules containing conductive cores such as liquid eutectic 
metal, charge transfer salts, carbon nanotube or carbon black suspensions have been prepared for 
Figure 1.11: Time-release of encapsulated VC in battery. (a) Schematic of VC-filled 
microcapsules in battery, and (b) expected VC concentration profiles over cycle number 
at three different conditions. 
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electrical restoration (Fig. 1.12) [64-67]. Kang et al. achieved ex situ restoration of electrical 
conductivity of damaged Si particles electrodes via release of carbon black suspension from 
capsules (Fig. 1.13) [65]. However, in-situ microcapsule-based autonomous electrical restoration 
of electrodes has not been demonstrated yet in lithium-ion batteries. 
 
Figure 1.12: Schematic figure (upper) of three different healing mechanisms, and 
microcapsules containing conductive agents for electrical restoration [64-67].  
Figure 1.13: SEM images of (a) a line crack in a nanoparticle Si anode and (b) ruptured 
microcapsules and release of carbon black onto a line crack [65]. 
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1.4. Overview of Thesis Research 
In this dissertation, two different microcapsule-based strategies for enhanced performance of 
lithium-ion batteries are investigated: (1) time-release of encapsulated battery additive, vinylene 
carbonate (VC) and (2) mechanically-triggering of microcapsules embedded in battery electrodes. 
In Chapter 2, the solvent-exchange method for preparation of VC-filled microcapsules (avg. dia. 
2.6 μm) and the release behavior of encapsulated VC in battery electrolyte are described.  
In Chapter 3, the effect of VC-filled microcapsules on the performance of NCA/graphite 
batteries is examined. We measure the VC concentration in electrolyte of pouch cells with directly-
added or microencapsulated VC. Interfacial cell resistance, cycling stability (cell resistance change 
and capacity retention), and rate capability of pouch cells with encapsulated VC in electrolyte are 
compared to those of pouch cells where VC is added directly to electrolyte to demonstrate 
enhanced performance of NCA/graphite batteries. 
In Chapter 4, we further investigate the time-release effect of encapsulated VC in 
LMO/graphite batteries. Electrochemical characterization of pouch cells with directly-added or 
encapsulated VC in electrolyte are performed at room temperature and 55 °C to demonstrate the 
positive effect of encapsulated VC in battery performance. In this study, HMDS additives are 
added to electrolyte containing directly-added or encapsulated VC to remove HF and water traces 
of electrolyte. We conduct ICP-MS analysis of cycled anode and electrolyte for pouch cells 
containing directly-added or encapsulated VC in electrolyte with and without HMDS additives. 
The findings of Chapter 4 and 5 demonstrate a significant potential for time-release of encapsulated 
additives to enhance the battery performance while minimizing negative effects that occur at high 
initial VC concentration. 
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In Chapter 5, capsule stability is investigated in lithium-ion battery environment. By 
modifying established encapsulation procedures, microcapsules are successfully incorporated into 
battery electrodes. Mechanical triggering of microcapsules embedded in graphite and silicon 
electrodes is evaluated using in-situ fluorescence imaging technique. A fluorescence dye is added 
to the capsule core and capsule integrity is evaluated in cycling electrodes by comparing the 
integrated fluorescence intensity over time. We also directly measure the DCB core content 
released from microcapsules embedded in silicon electrode upon cycling. This study reveals us 
that microcapsules incorporated in electrodes with high volume change can be autonomously 
triggered by mechanical stress.  
A summary of research and proposed future work are presented in Chapter 6. The research 
performed in this dissertation introduces alternative encapsulation method (Chapter 2) for the 
microcapsules containing core materials that is difficult to be encapsulated, and also provides the 
potentials of microcapsule-based approaches to enhance the performance of lithium-ion batteries 
(Chapter 3 and 4). Time-release of additives such as VC can extend the cycle lifetime, while 
reducing cell resistance and Mn deposition. In addition, the results of Chapter 5 provide evidence 
that microcapsules can be triggered mechanically in high capacity electrodes for potential release 








ENCAPSULATION OF BATTERY ADDITIVES, VINYLENE CARBONATE 
 
2.1. Introduction 
In Li-ion batteries, electrolyte additives promote the formation of a stable solid-electrolyte 
interphase (SEI) layer at the interface between electrodes and electrolyte and increase long-term 
battery performance.[26, 27] Without additives, electrolyte decomposes on the electrode surface 
and forms unstable SEI layers.[4] In addition, the SEI layer builds up with continued cycling, 
reducing capacity retention by taking lithium ions contributing to irreversible capacity in SEI layer, 
and increasing the cell resistance due to thickened SEI layer. In contrast, additives react and form 
more stable SEI layers on electrodes prior to decomposition of electrolyte.[27, 28] One of the most 
common electrolyte additives is vinylene carbonate (VC). VC can be electrochemically reduced 
or oxidized on both electrodes to form stable SEI layers consisting of polymeric organic 
compounds and lithium salts (Fig. 2.1).[29, 30]  
The addition of VC to electrolyte enhances the capacity retention for Li-ion batteries with 
graphite and silicon-based electrodes.[31-35] Once the VC additives are completely consumed, 
the degradation of battery performance is accelerated over prolonged cycles. Higher initial 
Figure 2.1: Electrochemical reduction mechanism of VC in SEI formation. 
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concentrations of VC additives are required for longer protection. However, high initial 
concentration of VC additives increases cell interfacial resistance and diminishes the rate 
capability of batteries [31, 36].  
Controlled delivery of VC additives has significant potential to provide an effective 
compromise between increased capacity retention and increased cell resistance. 
Microencapsulation is an effective strategy for sequestering a reactive core from the environment 
and provides an alternative approach to direct incorporation of additives into electrolyte. 
Microencapsulation has been used in pharmaceutical area for drug delivery [54]. Drugs are 
encapsulated by a polymer shell or vesicle and released in a controlled manner avoiding side 
effects in our body. Microcapsules have also recently been used to enhance performance of energy 
storage devices such as Li-ion batteries. But, there has been no study to date about 
microencapsulated VC additives [68, 69].  
This chapter describes the microencapsulation of VC additives for smart delivery of VC 
additives during battery operation. Microcapsules containing high loading of VC additives were 
successfully prepared by a solvent-exchange method that allows VC to diffuse through the shell-
wall of as-prepared microcapsules at elevated temperature. The effect of temperature on solvent-
exchange, and characteristics of capsules morphology are discussed. Finally, time-release behavior 
of encapsulated VC in battery electrolyte is obtained using 1H-NMR and evaluated as a tool for 






1,2-dichlorobenzene (DCB), urea, formalin solution (37 w/v%), ammonium chloride, 
resorcinol, hexyl acetate (HA) and polystyrene (PS) were purchased from Sigma Aldrich. Cloisite 
20A nanoclay was received from Southern Clay Products. ACB (100%, compressed) was 
purchased from Alfa Aesar. The polyurethane (PU) prepolymer, Desmodur L75, was provided by 
Bayer Materials Science and used as received. Ethylene-co-maleic anhydride (EMA) copolymer 
(Zemac-400) powder (Mw ~ 400 kDa) was obtained from Vertellus and used as 2.5 wt% aqueous 
solution. Vinylene carbonate (VC) additives were purchased from BASF. 
2.2.2. Preparation of Battery Additives (VC) Filled Microcapsules 
VC microcapsules were prepared by the solvent-exchange technique at which DCB filled 
PU/PUF double shell-wall microcapsules were immersed in VC liquid at elevated temperature 
(Fig. 2.2a). The DCB filled PU/PUF double shell-wall microcapsules were prepared by modifying 
an established encapsulation procedure [65, 70]. Urea (1.8 g), ammonium chloride (0.18 g) and 
resorcinol (0.18 g) were dissolved to 120 mL of 1.25 wt% EMA aqueous solution. DCB (10 mL) 
that contained PU prepolymer (0.13 g/mL) was added into aqueous solution, and emulsified for 5 
minutes using homogenizer (Omni GHL), and then mechanically stirred at 850 rpm. After the 
formalin (4.8 g) was added, the emulsion was heated to 55 °C and maintained for 4 hours. 
Microcapsules were separated by centrifugation, and rinsed with deionized water followed by 
freeze-drying. To prepare VC microcapsules, DCB filled PU/PUF microcapsules (1 g) were added 
to VC liquid (5 g), and stored at 65 °C for a desired amount of time for solvent-exchange. After 
the solution was cooled down, it was filtered without washing and air-dried to obtain the VC 
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microcapsules. The solvent-exchange process was performed in an Ar-filled glove box to minimize 
water contamination of VC microcapsules which affects battery performance [71]. 
2.2.3. Measurement of Degree of Solvent-Exchange  
The degree of solvent-exchange was quantified by measuring the ratio of DCB concentration 
in liquid media to theoretical DCB concentration in media at equilibrium condition. The aliquots 
(0.2 mL) from the batch of microcapsule dispersion were taken at fixed time interval then syringe-
filtered to remove the microcapsule. The filtrates were analyzed by 1H-NMR. DCB concentration 
was calculated by comparing the peak integrals of DCB and VC. 
2.2.4. Microcapsules Characterization 
Microcapsule morphology was investigated by SEM (ESEM-FEG) and optical microscope 
(Leica DMR). The size distributions of microcapsules were determined by analyzing SEM image 
with ImageJ software. Thermogravimetric analysis (TGA) for microcapsules was performed on 
Metler-Toledo TGA851 with heating rate of 10 °C /min from 25 °C to 650 °C under nitrogen gas 
purging. 
2.2.5. Time-Release of VC Microcapsules in Battery Electrolyte 
Release behavior of VC microcapsules in battery electrolyte, 1.2 M LiPF6 / EC:EMC (3/7 by 
weight), was evaluated by nuclear magnetic resonance (1H-NMR, 500 MHz Varian VXR) 
experiments. VC microcapsules (0.556 g, 5 wt% VC) were added into electrolyte (10 g) containing 
1 wt% of hexyl acetate (HA) as an internal standard in the glovebox at room temperature. The 
aliquots (0.2 mL) of electrolyte solution with microcapsules were taken at fixed time intervals, and 
filtered for NMR analysis. 1H-NMR measurement was performed with 4 scan at room temperature. 
The relaxation delay time (360 s), acquisition time (8.2 s) and 90° pulse were used. VC 
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concentration was calculated from the ratio of peak integrals of VC and HA internal standard. 
 
2.3. Results and Discussion 
2.3.1. Encapsulation of Battery Additives, Vinylene Carbonate (VC) 
Microencapsulation of VC is challenging because VC is miscible with water as well as most 
organic solvents except for highly non-polar solvents such as hexane. Thus, oil-in-water (O/W) 
emulsion-based encapsulation techniques, such as in-situ polymerization [72] and solvent 
Figure 2.2: Preparation of VC-filled PU/PUF double shell-wall microcapsules using 
solvent-exchange method. (a) Schematic diagram of solvent exchange process and (b) 
temperature-dependence of solvent-exchange process. 
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evaporation [73], cannot be used. Oil-in-Oil (O/O) emulsion using hydrocarbon solvents was tried, 
but resulted in failure of VC encapsulation or poor quality of microcapsules with low loading 
amount of VC in core. To prepare microcapsules filled with high loading amount of VC in core, 
we designed a new microencapsulation method based on solvent-exchange technique which allows 
VC to diffuse into the core of as-prepared microcapsules at the elevated temperature. 
As a first step, we prepared o-dichlorobenzene (DCB) filled polyurethane/poly(urea-
formaldehyde) (PU/PUF) double shell-wall microcapsules following the methods established by 
Caruso et al. [70]. The DCB solvent filled microcapsules (1 g) were immersed in pure VC (5 g) 
for solvent exchange (Fig. 2.2a). At ambient conditions (T=25 °C), diffusion of DCB and VC 
through the highly cross-linked PU/PUF shell-wall membrane of the microcapsules is retarded, 
even though DCB and VC are highly miscible. At elevated temperature (T=65 °C), however, the 
shell-wall membranes become more permeable to DCB and VC, resulting in exchange of VC and 
DCB by diffusion. We examined the temperature dependence of solvent exchange of the DCB 
filled microcapsules core with liquid media (VC) at 35 °C, 50 °C, and 65 °C (Fig. 2.2b). The 
degree of solvent-exchange was quantified by measuring the ratio of DCB concentration in liquid 
media to theoretical DCB concentration in media at equilibrium condition at time (t).  
 




                                                                          (Eq. 2.1) 
 
Time dependent DCB concentrations (𝐶𝐷𝐶𝐵(𝑡)) were determined by taking the aliquots from 
the batch, filtering the microcapsules, and analyzing the filtrate with 1H-NMR. Little solvent 
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exchange was observed at 35 °C. The solvent exchange ratio increased slightly to 20% at 50 °C. 
At 65 °C, however, full equilibrium was reached within 12 hours.  
When microcapsules are placed in organic solvents, the cross-linked shell-wall membrane 
swells and the mesh size of the network increases [74]. If the membrane is not swelled enough and 
the mesh size is too small compared to molecular size of solvent, molecules do not penetrate the 
membrane [75]. Higher temperatures favor solvent absorption and the mesh size of the 
crosslinking network increases enough for DCB and VC to exchange through the membrane by 
diffusion. 
2.3.2. Characterization of VC-filled Microcapsules 
Fig. 2.3 shows the scanning electron microscope (SEM) images and size distribution 
histograms of the microcapsules before and after solvent exchange process. The microcapsule size 
Figure 2.3: Microcapsule morphology and size distribution before and after solvent 
exchange process: (a) SEM micrograph and (b) diameter histogram of DCB filled 
microcapsules (before exchange), (c) SEM micrograph and (d) diameter histogram of VC-
filled microcapsules (after exchange). 
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distribution were obtained by SEM image analysis. The microcapsules in both cases are spherical 
with smooth surface (Fig. 2.3a and c). The average size distribution of microcapsules ramained 
almost the same (2.6 ± 1.1 μm) as shown in Fig. 2.3b and d. There was no noticeable change in 
microcapsule morphology during solvent-exchange process.  
To analyze the amount of VC existing in microcapsules, we performed dynamic 
thermogravimetric analysis (TGA) for the DCB microcapsules, VC microcapsules, and VC liquid 
(Fig. 2.4). DCB has a boiling point of 180 °C and DCB filled capsules remain stable to over 200 °C. 
In contrast, VC microcapsules showed mass losses corresponding to that of VC liquid at a range 
from 50 °C to 175 °C and that of DCB microcapsules at a range from 200 °C to 275 °C. The 
content of VC and DCB in the core are calculated by peak integrals of mass loss rate, which 
indicates that VC and DCB are 96 and 4 wt%, respectively (Fig. 2.4b). 
Figure 2.4: Microcapsule content and thermal stability for DCB-filled microcapsules, 
VC-filled microcapsules, and authentic VC liquid. (a) TGA weight loss curves and (b) 
derivatives of TGA curves. 
26 
 
2.3.3. Time-Release Behavior of VC Microcapsules in Electrolyte 
Time-release of VC additives from microcapsules in battery electrolyte, 1.2M LiPF6 / 
EC:EMC (3:7 by weight), was evaluated at room temperature. VC microcapsules were added into 
electrolyte with 1 wt% hexyl acetate as an internal standard, and total VC concentration in 
electrolyte was 5 wt%. Electrolyte aliquots were taken by syringe at fixed time intervals, filtered 
and mixed with deuterated chloroform (CDCl3). The concentration of VC in each aliquot was 
determined by 1H NMR. The peak integrals of VC and hexyl acetate were compared and the final 
VC concentration was calculated based on the concentration of hexyl acetate (1 wt%). The release 
percentage of VC microcapsules during 8 days is shown in Fig. 2.5a. The VC microcapsules 
released ~65 % of VC core liquid in the first 4 hours and then slowly released up to 75% of the 
initial core material for 8 days. In a long-term release test (Fig. 2.5b), VC microcapsules continued 
to release VC core slowly and release percentage of VC capsules after 35 days was 96 %. 
The release behavior of microcapsules in liquid media is described by Fick’s diffusion, unless 
the shell-wall material degrades [68, 69]. The release rate increases as capsule size and shell-wall 
thickness decreases. The VC microcapsules have an average diameter of 2.6 ± 1.1 μm and specific 
surface area was 12,800 cm2/g. A shell-wall thickness of 120 nm was measured from SEM images 
of sectioned microcapsules embedded in epoxy matrix. The immersion liquid also affects the 
release rate of microcapsules. Sun et al. [76] reported that the release rate of core liquid of double-
layered polyurea microcapsules increased with the polarity of the immersion solvent. Higher 
solvent polarity increases swelling and the release rate of core materials. Thus, the initial rapid 
release of VC microcapsules in electrolyte is attributed to microcapsules morphology with high 
surface area, thin shell-wall, and to high polarity of battery electrolyte including organic carbonates 




Figure 2.5: Release profile of VC microcapsules in battery electrolyte during 8 days (a) 
and 35 days (b), and release profile of encapsulated VC (total 5 wt% VC) along with cell 
voltage profile for initial 10 h (c). 
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The initial rapid release behavior of VC microcapsules in electrolyte is beneficial for battery 
performance. When battery cells are first charged, cell voltage increases from the open circuit 
voltage (OCV) and an SEI layer forms by the electrochemical reaction of VC additives at the 
electrode-electrolyte interface within a few minutes [30]. VC microcapsules have the potential to 
release a desirable amount of VC (2 ~ 3 wt%) that is required to form the SEI layer at the initial 
stage, and then slowly release additional amounts of VC to stabilize the electrode-electrolyte 
interface over prolonged cycles (Fig. 2.5c). 
2.3.4. Study for Control of Release Rate in VC-filled Microcapsules 
The VC-filled microcapsules showed an initial rapid release of VC additives (Fig. 2.5). We 
investigated several parameters in an attempt to control this release rate including,  
1) Shell-wall thickness 
2) Capsule diameter (sub-micron to a hundred micron) 
3) Addition of inorganic particles or polymer in capsules core to slow diffusion 
Based on the Fick’s first law, increase of shell-wall thickness and decrease of total surface area 
may reduce the release rate. To increase the shell-wall of PU/PUF microcapsules, we adjusted the 
amount of PU prepolymer in DCB core from 0.13 g/mL to 0.26 g/mL in the microencapsulation 
process, which increased the PU layer from 120 nm to 160 nm in ca. 2 μm diameter capsules. We 
were not able to increase the thickness of the UF outer layer more than that of current 
microcapsules, since the additional amount of UF was precipitated rather than formed the PUF 
shell-wall. We also prepared the VC-filled PU/PUF microcapsules with larger diameter in a range 




Fig. 2.6 shows the release profiles of small microcapsules (2.6 μm) with different shell-wall 
thickness compared to large microcapsules in electrolyte. The release profile of the small capsules 
with varying shell-wall thickness were similar. Hence, we were unable to vary the shell-wall 
thickness enough to significantly change the initial release profile. The larger VC-filled 
microcapsules exhibited a much more rapid release profile, such that 90 % of VC core was released 
within 30 min. We found that the larger capsules immersed in electrolyte were not stable and 
deflated immediately releasing the VC core (Fig. 2.7). We attribute the increase of release rate for 
larger microcapsules to weaker mechanical strength or poor quality of capsule shell-wall.  
Figure 2.7: Morphology change over time for VC-filled microcapsules with 70 μm average 
diameter immersed in electrolyte 
Figure 2.6: Release profile of different microcapsules in battery electrolyte (PU amounts 
are 0.13 g/mL and 0.26 g/mL for 2.6 μm capsules, and 0.13 g/mL for 70 μm capsules) 
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Due to unexpected increase of release rate for larger microcapsule in electrolyte, we also 
investigated the release behavior for even smaller microcapsules with sub-micron diameter. 
Emulsion droplets were homogenized under pulsed sonication (2 min) to obtain sub-micron size 
of droplets for encapsulation. Size distribution and SEM image of prepared microcapsules are 
shown in Fig. 2.8. Average diameter of microcapsule prepared with sonication was 880 nm which 
is smaller than 2.6 μm of microcapsules prepared without sonication. 
Figure 2.9: Preparation of VC-filled microcapsules containing inorganic particles or 
precipitated polymer at inner surface. 
Figure 2.8: Size-distribution of prepared DCB-filled PU/PUF microcapsules by 
homogenization or homogenization with pulsed sonication (inset is SEM images of 
capsules prepared by homogenization with pulsed sonication). 
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In addition to size control, we also used the inorganic particles or polymer in capsule core to 
reduce the release rate. As shown in scheme of Fig. 2.9, DCB core containing inorganic particles 
such as carbon black and inorganic clay were emulsified during in-situ polymerization. By 
Pickering effect, inorganic particles dispersed in DCB droplet move to the interface and deposit 
onto the inner surface of the microcapsules. We expected this composite shell-wall may reduce the 
release rate of VC-filled microcapsules due to increased mechanical strength or blocking of the 
diffusion pathway in a shell-wall. Another approach is to add polystyrene (PS), which is soluble 
in DCB but insoluble in VC. (Fig. 2.9). In this case, PS can be precipitated during solvent-exchange 
process and deposited to form the additional inner shell-wall in capsules.  
Figure 2.10: PU/PUF microcapsules containing DCB with 5 wt% of (a) carbon black, (b) 
clay, and (c) polystyrene (PS). 




Microcapsules containing DCB core with 5 wt% carbon black, clay or PS were successfully 
prepared (Fig. 2.10) and showed similar thermal stability with the microcapsules containing pure 
DCB core (Fig. 2.11a). VC-filled microcapsules with three different cores were obtained by 
solvent-exchange process and was found to contain 90 % VC in total by TGA analysis (Fig. 2.11b).  
Unfortunately, our all trials failed to change the release rate of microcapsules in electrolyte 
and all the microcapsules released more than 90 % VC for 12 h (Fig. 2.12). In microcapsules with 
sub-miron size, we presume that the increase of total surface area more dominated to increase the 
release rate. The inorganic particles added to DCB core may have caused defects on the shell-wall.  
 
2.4. Conclusion 
VC-filled microcapsules (2.6 μm) were successfully prepared by a solvent-exchange 
encapsulation method, which allows VC to diffuse into microcapsules at elevated temperature. 
Temperature-dependency of the solvent-exchange process were confirmed by quantifying the 
Figure 2.12: Release percentage of various VC-filled microcapsules in electrolyte after 12 h. 
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degree of solvent-exchange using 1H-NMR, and showed that solvent-exchange reaches to 
equilibrium within 12h at 65 °C. The capsules size and distribution did not change before and after 
solvent-exchange process. The obtained microcapsules contain 96 wt% of VC in a core (by TGA). 
VC-filled microcapsules showed the initial fast release of 65% core within 4h, followed by slow 
release up to 75 % during 8 days and 96 % for 35 days. This release behavior is suitable for battery 
application because SEI layer formation occurs within a few minutes after battery cycling where 
VC concentration in electrolyte containing VC microcapsules (5 wt% VC) is around 2 wt%. 
Various approaches to control the release rate of microcapsules have been tried but were not 
successful. Nevertheless, microencapsulated additives in electrolyte can provide a better way to 

















MICROENCAPSULATED VINYLENE CARBONATE IN  
Li(Ni0.8Co0.15Al0.05)O2 /GRAPHITE BATTERIES 
 
3.1. Introduction 
As described in introduction of Chapter 2, VC additives extend the life-span of batteries by 
forming more stable SEI layer at the electrode surface. However, the high concentration of VC 
during initial cycles increase cell interfacial resistance and diminishes the rate capability of 
batteries. Burns et al. [36, 37] reported a trade-off between increased capacity retention and 
undesirable increase in cell interfacial resistance with increasing concentration of VC additives. 
As the initial VC concentration in electrolyte increased, the capacity retention improved, but the 
cell interfacial resistance, including SEI layer and charge transfer resistance, increased due to a 
reaction of surplus VC. The cell interfacial resistance is related to the kinetics of lithiation and 
delithiation. High interfacial resistance in batteries significantly diminishes performance, 
especially at fast charging and discharging rate. For this reason, initial VC concentration in 
electrolyte is generally kept less than 2 wt% to avoid increased cell resistance. The limited amount 
of VC is rapidly consumed to form SEI layers and exhausted during the initial charge and discharge 
cycles. [38] Once the VC additives are completely consumed, the degradation of battery 
performance is accelerated over prolonged cycles. 
In this chapter, we demonstrate a microcapsule-based strategy to autonomously release VC 
additives in Li(Ni0.8Co0.15Al0.05)O2 (NCA)/graphite batteries. NCA cathodes have relative usable 
capacity (~ 200 mAh/g) and long-term stability compared to LiCoO2 cathodes [77]. For this reason, 
NCA is widely used in commercial sectors such as batteries for electric vehicles. VC-filled 
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microcapsules are designed to release VC during the initial stages of SEI formation and minimize 
any potential increase of cell interfacial resistance. The capsules then continued to release VC 
more slowly after the first cycles to further reduce aging and degradation. In this Chapter, we 
characterize the concentration of VC released from capsules during cycling of pouch cells and 
compare with the results of Chapter 2 in pure electrolyte. Cycling performance of pouch cell with 
encapsulated VC in electrolyte is compared to pouch cells with VC added directly to the electrolyte. 
Our approach shows a potential to maintain a higher additive concentration over the life of the 




VC-filled PU/PUF microcapsules (prepared as described in Chapter 2). Hexyl acetate (HA) 
was purchased from Sigma Aldrich. Vinylene carbonate (VC) and 1.2 M LiPF6 / EC:EMC (3/7 by 
weight) electrolyte were purchased from BASF. Li(Ni0.8Co0.15Al0.05)O2 (NCA) cathode (Quallion), 
graphite (MAG-10) anode materials (Quallion), Li(Ni1/3Co1/3Mn1/3)O2 (Li333) cathode (Enerland) 
and mesocarbon microbead (MCMB) anode materials (Enerland) were obtained from Argonne 
National Laboratory for electrochemical testing. Hardware components for C2032-type coin cell, 
separator (Celgard), and conductive nickel and aluminum terminals with adhesive tape were 
purchased from MTI Corporation. Aluminum pouch was purchased from 3M Corporation.  
3.2.2. Pouch Cell Fabrication 
The coin cells and aluminum pouch cells were assembled in an Ar-filled glove box. The coin 
cells were prepared by using commercial electric crimper (MTI Corporation). To check the effect 
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of DCB in electrolyte for battery performance, we prepared coin cells with NCA and graphite 
(MAG-10) electrode, separator, and electrolyte including 5 wt% DCB. For aluminum pouch cells, 
aluminum and nickel tabs with adhesive polymer tape was spot-welded on the cathode and anode 
side respectively. Then, anode, separator and cathode were stacked, rolled (optional) and inserted 
into aluminum pouch. After electrolyte was added, the aluminum pouch was sealed using vacuum 
heat sealer (SINBO DZ-280) (Fig. 3.1). 
3.2.3 Time-Release Profile of Encapsulated VC in Pouch Cells 
VC concentrations in electrolyte upon pouch cell cycling were measured by 1H-NMR 
experiment. Aluminum pouch cells (MCMB / Li333, 140 mAh) were prepared in an Ar-filled 
glove box with 1.2 M LiPF6 / EC:EMC electrolyte (1.12 g) containing VC additive or VC-filled 
microcapsules. The amount of electrolyte used for the pouch cells was 8 mg/mAh which is higher 
than the amount typically used in other studies (~ 3 mg/mAh) [36, 38]. After assembly, the pouch 
cells were taken out of glove box and mounted to the battery cycler (Arbin BT2000). Cells were 
cycled from 3.0 V to 4.2 V at C/10 rate, and disassembled to take the electrolyte after each cycles 
in the Ar-filled glove box. The electrolyte was extracted from electrodes and separator by 
centrifugation, and 0.2 g of extracted electrolyte was mixed with 0.2 g of reference electrolyte 
(with 1 wt% hexyl acetate (HA), an internal standard). Sample solutions were prepared with CDCl3 
and analyzed by 1H-NMR (500 MHz Varian VXR) with relaxation delay time (360 s), acquisition 
time (8.2 s) and 90° pulse. VC concentration was determined by comparing the peak integrals of 
VC and HA peaks.  
3.2.4. Electrochemical Characterization 
The pouch cells (MAG-10 graphite / NCA, 3 cm2) with electrolyte (0.4 g) including VC liquid 
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or VC microcapsules were cycled from 3.0 V to 4.2 V at 1C rate after 5 formation cycles at C/10 
rate. Electrochemical Impedance Spectroscopy (EIS) were conducted after formation cycles at 
C/10 rate then 100, 200 and 400 cycles at 1C rate over the frequency range of 5 mHz to 200 kHz 
at 3.72V which is 50% of state-of-charge (SOC) using a Biologic VSP instrument.  
The temperature change of pouch cell during cycling was monitored by infrared (IR) camera 
(FLIR SC620). To avoid the refraction, we coated the surface of the pouch cell with black paint. 
The pouch cell (MCMB / Li333, 140 mAh) was cycled at C/10 rate in ambient condition during 
temperature measurement. 
Figure 3.1: Fabrication process of lithium-ion pouch cells 
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3.3. Results and Discussion 
3.3.1. Time-Release Behavior of VC Microcapsules during Battery Cycling 
 VC concentration changes upon battery cycling were investigated for lithium-ion pouch 
cells with electrolyte containing VC microcapsules. The pouch cells (MCMB / Li333, 140 mAh) 
were fabricated in an Ar-filled glove box. VC microcapsules were added to the electrolyte to 
acheive a total of 5 wt% VC. Results were compared to identical cells in which the VC was added 
directly to the electrolyte at concentration of 2 wt%. 
Figure 3.2: VC concentration profile in electrolyte over cycle number for the pouch cell 
with 2 wt% VC in electrolyte (not encapsulated) and pouch cell where VC microcapsules 
were added at 5 wt% VC in electrolyte. VC concentration profile for electrolyte with VC 
microcapsules without pouch cell cycling (5 wt% VC) was based on time (upper x-axis). 
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Fig. 3.2 shows the resulting VC concentration profiles upon battery cycling. In pouch cells 
where 2 wt% VC additive was added directly to electrolyte, the VC concentration decreased 
significantly after the first cycle and did not change after ten cycles. In contrast, in pouch cells that 
contained VC microcapsules (5 wt% VC), the VC concentration increased from 2 to 3 wt% during 
the first cycle and maintained at ~3 wt% for next cycles. Hence, the pouch cells with VC 
microcapsules were cycled at nearly constant VC concentration due to the time-release of 
encapsulated VC in electrolyte. 
For comparison, the release curve for VC microcapsules immersed in electrolyte (5 wt% VC) 
without battery cycling is also plotted in Fig. 3.2. For pouch cells with VC microcapsules, VC 
concentrations after the first cycle were about 1 wt% lower than those for VC microcapsules 
immersed in electrolyte without cycling. We attribute this concentration difference to VC 
consumption for SEI layer formation during the first cycle. In pouch cells where 2 wt% VC was 
added directly to electrolyte (no capsule), the VC concentration profile decreased to 1 wt% after 
the first cycle. The amount of VC additives consumed for SEI layer formation during the first cycle 
Figure 3.3: Temperature measurement using IR-camera for the pouch cell (MCMB / Li333) 
with electrolyte (1.2 M LiPF6, EC/EMC) during the first charging and discharging cycle at C/10 




was calculated as 80 μg/mAh at C/10 rate, and was nearly the same for the pouch cells with 
encapsulated VC (5 wt% VC) and directly-added VC (2 wt%). 
The temperature of pouch cells during the first cycle at C/10 rate was measured with an 
infrared camera. As shown in Fig. 3.3, the average temperature during cycle was 23.2 ± 0.2 °C, 
and temperature change was negligible. Thus, there was no significant temperature effect on the 
release behavior of encapsulated VC during our cycling experiment. 
3.3.2. Electrochemical Performance 
To evaluate the electrochemical performance for the microcapsules-based timed release 
battery system, we conducted EIS (electrochemical impedance spectroscopy), cycling tests at 
various C-rates, as well as long-term cycling test for pouch cells containing no VC (0 wt%), VC 
liquid (2 wt% and 5 wt%, not encapsulated) and VC microcapsules (5 wt% VC). We first examined 
the effect of any residual DCB in the microcapsules on the battery performance. Coin cells were 
fabricated with pure electrolyte or electrolyte with 5 wt% DCB added. The cyclic voltammetry 
(CV) curves and cycling test results of both coin cells were identical (Fig. 3.4). Hence, small 
Figure 3.4: Electrochemical characterization for coin cells with two different electrolytes 
(pure electrolyte and electrolyte with 5 wt% DCB). (a) Cyclic voltammogram, and (b) 
specific charge capacity (filled) and coulombic efficiency (open) at various C-rates.  
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amount of residual DCB should not influence electrochemical performance of the pouch cells. 
Fig. 3.5a shows the impedance results for the pouch cells with electrolyte where 0, 2 and 5 
wt% VC were directly added, and pouch cells with electrolyte containing VC microcapsules (5 wt% 
VC). The EIS measurements were conducted after the pouch cells had 5 formation cycles at C/10 
rate. The cell interfacial resistance is proportional to the distance between the end points of the 
semi-circular region of the EIS curve [78]. The cell interfacial resistance increased with increasing 
addition of VC directly added to the electrolyte. In contrast, cell interfacial resistance for the pouch 
cell with VC microcapsules (5 wt% VC) was much smaller than the pouch cell with the same total 
amount of VC additive (not encapsulated), and only slightly larger than the pouch cell with 2 wt% 
VC in electrolyte. During the first cycle, the VC concentration of the pouch cell with VC 
microcapsules ranged from 2-3 wt% (Fig. 3.2), and was slightly higher than the concentration of 
2 wt% VC added directly. Hence, time-release of VC from microcapsules provides a mechanism 
to increase total loading amount of VC without significantly increasing cell interfacial resistance. 
Discharge capacity at different cycling rates was also studied for the pouch cells with VC 
microcapsules and VC added directly. As shown Fig. 3.5b, the pouch cell with VC microcapsules 
showed better capacity retention than the pouch cell with the same amount of VC added directly 
to electrolyte. The rate capability became more pronounced at higher charging and discharging 
rate, and at 5 C-rate, normalized discharge capacity of the pouch cell with VC microcapsules was 
2.5 times higher than the pouch cell where the same amount of VC was added directly (5 wt% VC). 
Compared to the pouch cell with 2 wt% VC added directly, the pouch cell with VC microcapsules 
showed similar capacity retention up to 3C rate except for at 5C rate. We attribute the improved 
rate capability of pouch cells with VC microcapsules to lower cell interfacial resistance. 
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The long-term cycling performance of the pouch cells was also evaluated (Fig. 3.6). The 
pouch cells were charged and discharged up to 400 cycles at 1C-rate at room temperature. For the 
pouch cell with no VC, the discharge capacity decreased down to the 50% of its initial capacity 
after 400 cycles. However, for the pouch cell where 2 and 5 wt% VC was added into electrolyte 
Figure 3.5: Electrochemical performance of pouch cells with electrolyte including VC liquid 
or VC microcapsules. (a) Impedance spectra after 5 cycles at C/10 rate, and (b) capacity 
retention at various C-rates. 
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directly, the capacity retention was improved due to the beneficial interfacial reaction of VC 
additives for more stable SEI formation. The pouch cell with VC microcapsules showed similar 
capacity retention as the pouch cell with 5 wt% VC (not encapsulated). We also monitored the 
changes of cell interfacial resistance for the pouch cells with electrolyte containing 0, 2 and 5 wt% 
VC (non-encapsulated) or 5 wt% encapsulated VC (Fig. 3.6b). Cell interfacial resistance of the 
pouch cells with 0 and 2 wt% VC directly added to electrolyte increased 50 % and 37 % of their 
Figure 3.6: Long-term capacity retention (a) and cell interfacial resistance (b) for the pouch 
cells with different electrolytes over 400 cycles at 1C rate. 
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initial resistance during 400 cycles to obtain 29 and 31, respectively. In the pouch cell with 5 wt% 
encapsulated VC in electrolyte, cell interfacial resistance increased 19 % during 400 cycles and 
was 31 which is much lower than that of the pouch cell with 5 wt% VC (non-encapsulated) where 
cell interfacial resistance was 40 after 400 cycles. This results provides the evidence that the rate 
capability of lithium-ion batteries can be enhanced without a trade-off for capacity retention 
through the release of microencapsulated additives. 
 
3.4. Conclusions 
Autonomous strategies to enhance the rate capability of lithium-ion batteries without a trade-
off in capacity retention was demonstrated using the timed release of microencapsulated VC 
additives. VC-filled microcapsules (2.6 μm) were successfully prepared by a solvent-exchange 
encapsulation method, which allows VC to diffuse into microcapsules at elevated temperature 
(65 °C). In pouch cells with VC microcapsules (5 wt% VC), microcapsules released a sufficient 
amount (2 ~ 3 wt%) of VC to form stable SEI layers at the first cycle, and subsequent slow release 
of VC maintained VC concentration at 3 wt% which should improve long-term battery stability. 
In EIS measurement, the interfacial resistance for pouch cells with VC microcapsules (5 wt%) was 
much lower than pouch cells with the same amount of VC additive (not encapsulated), which also 
led to improved rate capabilities. During 400 cycles at 1C-rate, the pouch cell with VC 
microcapsules (5 wt% VC) showed the similar capacity retention compared to pouch cell with 5 
wt% VC (not encapsulated). The microcapsules based time-release approach demonstrated for VC 
is general and has potential for delivery of other active materials and additives to the performance 








LiMn2O4 (LMO) has attracted attention a promising cathode material due to its low cost, 
environmental friendliness, material abundance, and high voltage operation [23, 24].  However, 
LMO suffers from manganese (Mn) dissolution especially when cycled at elevated temperature 
[21, 25, 79, 80]. Mn dissolution occurs by both chemical and physical mechanisms [80]. Hydrogen 
fluoride (HF), which is generated by the reaction of trace water and LiPF6 in electrolyte, or thermal 
decomposition of LiPF6, is known to attack LMO to dissolve out Mn
2+ ions. Mn ions are also 
dissolved by the disproportion reaction of 2Mn3+  Mn2+ + Mn4+ on LMO surface at discharged 
state. The dissolved Mn ions in electrolyte migrate and deposit on the anode, which causes capacity 
fade and impedance rise. Mn deposition has been described as formation of Mn metal or MnO on 
the graphite anode surface [81]. However, it is recently claimed that Mn deposition occurs through 
an ion exchange reaction between Mn2+ and mobile Li+ in the solid electrolyte interphase (SEI) on 
graphite anode [25]. Numerous studies have examined the chemical or physical mechanism of Mn 
dissolution with the goal of preventing dissolution [22, 82-84]. 
 In LMO/graphite batteries, electrolyte additives have been used to enhance the 
performance by suppressing Mn dissolution or forming a stable SEI that is more resistive to Mn 
ion attack. “N-Si”-based additives such as hexamethyldisilazane (HMDS) has been reported to 
remove the HF and trace water in electrolyte [53]. Vinylene carbonate (VC) additive improves the 
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capacity retention at high temperature (> 50 °C) because VC-induced SEI shows higher thermal 
stability [39-41]. VC can be electrochemically reacted on both anode and cathode, affecting 
capacity retention, interfacial cell resistance and gas evolution [38] . Burns et al. reported a trade-
off between the capacity retention and the interfacial cell resistance, where higher VC 
concentration improves the capacity retention but increases the cell resistance due to excessive 
reaction of VC at the interface [31, 36]. In addition, Mn deposition in LMO-based batteries is 
known to increase with VC concentration. Zhan et al. recently reported that SEI formed with higher 
VC concentrations has more mobile Li+, which provides more chances for Mn deposition through 
ion-exchange of Mn2+ and mobile Li+ in SEI [43]. The interfacial cell resistance and increase of 
Mn deposition interfere with Li ions transport at the anode and potentially diminish the rate 
capability. In this Chapter, we investigate the effect of time-release of encapsulated VC in 
LMO/graphite batteries to improve the cycling stability. 
Similar to Chapter 3, microcapsule-based strategy to autonomously release VC additives is 
applied to LMO/graphite batteries and the effects of encapsulated VC on capacity retention, 
interfacial resistance, and Mn dissolution and deposition are evaluated. We characterize the 
concentration of VC released from the capsules not only in electrolyte but also in cycling pouch 
cells. Cycling performance of the pouch cell containing electrolyte with encapsulated VC is 
compared to pouch cells with VC directly added to electrolyte. HMDS additives are used to control 
the HF and trace water in electrolyte containing directly-added or encapsulated VC. By comparing 
pouch cells with and without HMDS additives, information not only on the characteristics of the 
VC-induced SEI for Mn deposition but also on how much each of chemical and physical process 
contributes to Mn dissolution are obtained. The result in this Chapter indicate that it is possible to 
increase the total loading amount of VC for longer lifetime in LMO based batteries without 
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Hexyl acetate (HA), o-dichlorobenzene (DCB), urea, formalin solution (37 w/v%), 
ammonium chloride, resorcinol, nitric acid (65%), proton sponge, methyl orange and 
hexamethyldisilazane (HMDS) were purchased from Sigma Aldrich. The polyurethane (PU) 
prepolymer (Desmodur L75) was provided by Bayer Materials Science and used as received. 
Ethylene-co-maleic anhydride (EMA) copolymer (Zemac-400) powder (Mw ~ 400 kDa) was 
obtained from Vertellus and used as 2.5 wt% aqueous solution. Vinylene carbonate (VC) and 1M 
LiPF6 / EC:DMC (1/1 by volume) electrolyte were purchased from BASF. LiMnO2 (LMO) cathode, 
graphite (MAG-10, Quallion) and mesocarbon microbead (MCMB, Enerland) graphite electrodes 
were obtained from Argonne National Laboratory for electrochemical testing. Conductive nickel 
and aluminum terminal with adhesive tape, separator (Celgard) were purchased from MTI 
Corporation. Aluminum pouch (3M Corporation) was used.  
4.2.2. Preparation and Characterization of Microcapsules 
Microcapsules were prepared by encapsulation method using in-situ polymerization, as 
described in Chapter 2. Microcapsule morphology was investigated by SEM (ESEM-FEG). The 
size distributions of microcapsules were determined by measuring the diameters for about 400 
microcapsules on SEM images with ImageJ software. Thermogravimetric analysis (TGA) for 
microcapsules was performed on Metler-Toledo TGA851 with heating rate of 10 °C /min from 
25 °C to 650 °C under nitrogen gas purging. 
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4.2.3. Pouch Cell Fabrication 
Aluminum pouch cells were fabricated in an Ar-filled glove box. Aluminum and nickel tabs 
with adhesive polymer tape was spot-welded on the cathode and anode side respectively. Then, 
anode, separator and cathode were stacked, rolled (optional) and put into aluminum pouch, 
followed by heat sealing. One side of pouch cell was opened for electrolyte injection. After 
electrolyte was added, aluminum pouch was sealed using vacuum heat sealer (SINBO DZ-280). 
4.2.4. Time-Release Profile of Microencapsulated VC in Pouch Cell 
VC concentration profile in electrolyte during pouch cell cycling were analyzed by 1H-NMR 
technique, as described in Chapter 3. Aluminum pouch cells (Graphite / LMO, 125 mAh) were 
prepared in an Ar-filled glove box with 1M LiPF6 /EC:DMC electrolytes (1 g) containing VC 
additive or VC microcapsules. The amount of electrolyte used for the pouch cells was 8 mg/mAh 
which is higher than the amount typically used in other studies (~ 3 mg/mAh) [36, 38]. After 
assembly, the pouch cells were taken out of glove box and mounted to the battery cycler (Arbin 
BT2000). Cells were cycled from 3.0 V to 4.5 V at C/10 rate, and disassembled to take the 
electrolyte after each cycles in an Ar-filled glove box. Jelly-rolled electrodes/separator assembly 
was put into centrifuge tube and the cycled electrolyte was extracted by centrifugation. For 1H-
NMR quantification of VC additive in electrolyte, 0.2 g of extracted electrolyte and standard 
electrolyte (1M LiPF6 EC:DMC) containing 1 wt% HA were mixed. 
1H-NMR analysis was 
performed in CDCl3 and VC concentration in the electrolyte was determined by comparison of 
peak integrals for HA and VC. 
4.2.5. Electrochemical Characterization 
The pouch cells (MAG-10 graphite / LMO) with electrolyte (~ 0.4 g) including VC liquid 
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or VC microcapsules were cycled from 3.0 V to 4.5 V at 1C rate after 5 formation cycles at C/10 
rate and room temperature. Electrochemical Impedance Spectroscopy (EIS) was conducted to 
obtain the ohmic and interfacial cell resistances after formation cycles at C/10 rate, and 100, 200 
and 400 cycles at 1C rate in the frequency range of 5 mHz to 1 MHz at 4.1V using Biologic VSP 
instrument. Pouch cell performance at 55 °C was performed at the temperature-controlling oven 
(Across International). Pouch cells (MCMB graphite / LMO) were placed in the oven and electric 
wires were connected to battery cycler through the oven port. Pouch cells with different 
electrolytes (~ 0.4 g) were cycled at room temperature from 3.0 V to 4.3 V with C/10 rate for the 
initial three cycles at 25 °C, followed by cycled at 55 °C with 0.5C rate for the rest of cycles.   
4.2.6. HF Titration of Electrolyte 
The HF amount in electrolyte stored at 55 °C was determined by titration method using proton 
sponge. Methyl orange, a pH color indicator, was added dropwise into electrolyte. The presence 
of HF causes the color change to red. The electrolyte was titrated with EC/DMC (1/1, by vol) 
solution with 1000 ppm or 5000 ppm proton sponge until color changes to yellow. The HF 
concentration in electrolyte was calculated from the amount of added proton sponge based on 
neutralization reaction of 1:1 (HF : proton sponge) stoichiometric ratio.  
4.2.7. Quantification of Manganese (Mn) Deposition and Dissolution 
The amount of Mn deposited in the graphite anode and dissolved in the electrolyte after 
cycling were analyzed by ICP-MS (PerkinElmer Elan DRCe). The pouch cells cycled at 55 °C 
were disassembled in an Ar-filled glove box. After 3 h holding at 3 V, the graphite anodes were 
washed with DMC solvent to remove residual LiPF6 salt on electrode surface and dried. Then, 
electrode materials (graphite, conductive filler and polymer binder) on copper foil were collected 
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by scrapping for ICP analysis. Electrolyte was heated on the hot plate to remove organic solvents, 
then residues were dissolved in concentrated nitric acid before analysis.  
 
4.3. Results and Discussion 
4.3.1. VC Release Profile in Battery Environment 
VC-filled microcapsules were successfully prepared by solvent-exchange process which 
allows VC additives to diffuse into as-prepared DCB-filled microcapsules at elevated temperature 
while the DCB core diffuses out of microcapsules. VC-filled microcapsules were spherical shape 
with smooth surface in their SEM images, which were almost identical with morphology of DCB-
filled microcapsules (Fig. 2.3). The microcapsules diameters ranged from hundreds nm to 6 µm, 
with and average diameter is 2.6 µm. The VC loading in microcapsules were measured by dynamic 
TGA analysis with a heating rate of 10 °C/min (Fig. 2.4). DCB microcapsules were thermally 
stable up to 220 °C without noticeable mass loss then ruptured around 250 °C with sudden mass 
loss. However, VC-filled microcapsules show 90% loss of total mass by 170 °C, which 
corresponds to curve of VC liquid. Around 250 °C, VC-filled microcapsules has a slight mass loss 
less than 5 wt% which results from a small amount of DCB existing in microcapsules as a trace 
after solvent-exchange process.  
The release profile of microencapsulated VC additive was evaluated by 1H-NMR method for 
VC microcapsules dispersed in electrolyte on both with and without pouch cell cycling. For 
microencapsulated VC in electrolyte, VC microcapsules were added into electrolyte such that the 
concentration of VC was 5 wt%. The aliquots (0.2 mL) of electrolyte were taken from the batch at 
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fixed intervals and analyzed after syringe filter. In Fig. 4.1a, the VC concentration rapidly 
increased to 3.5 wt% within 30 min, then slowly up to 4 wt% during 4 h.  
In terms of controlling the VC concentration during SEI layer formation, the initial rapid 
release profile is not ideal, but does influence the performance of LMO/graphite batteries. Fig. 
4.1a shows the voltage profile of LMO/graphite battery during the first charge at C/10 rate. Voltage 
Figure 4.1: VC concentration profile over time (a) in electrolyte along with the voltage profile 
of LMO/graphite at 1st charging and (b) in LMO/graphite pouch cells. (Total VC loadings is 5 
wt% in both cases). 
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rapidly increased from OCV to 3.5 V within a few minutes. VC-derived SEI layer formation occurs 
around 2.5V [36] when the VC concentration of release profile is near 1.5 wt%, as noted by arrows. 
Hence, the initial VC concentration during SEI layer formation in LMO/graphite batteries can be 
controlled by microencapsulated VC.  
We also examined VC concentration profiles in pouch cells with directly-added and 
microencapsulated VC in electrolyte upon cycling (Fig. 4.1b). In both cases, total VC 
concentration was 5 wt%. For directly-added VC, the concentration was decreased from 5 wt% to 
4 wt% after 2 cycles at C/10 rate which results from VC consumption for SEI layer formation at 
electrode interfaces, then profile did not change during next 3 cycles. However, in 
microencapsulated VC, the concentration was 0.8 wt% prior to the cycling test. After 2 cycles, the 
concentration increased to 3 wt%, and did not change for the next 3 cycles. At the same VC loading, 
the pouch cell with microencapsulated VC exhibited lower VC concentrations during battery 
cycling than the pouch cell with directly-added VC through the time-release of VC additives.  
4.3.2. Electrochemical Performance at Room Temperature 
Electrochemical performance of LMO/graphite pouch cells with different electrolytes (0, 2, 5 
wt% VC and 5 wt% microencapsulated VC) was characterized at room temperature. 
Electrochemical Impedance Spectroscopy (EIS) measurements were conducted for pouch cells 
with directly-added or encapsulated VC after 5 cycles at C/10 rate (Fig. 4.2). The EIS curves have 
two characteristic semi-circles at the high and mid-frequency range, and straight line at low 
frequency range. Cell interfacial resistance can be determined by the distance between end points 
of two semi-circles [78]. As the VC concentrations increase, cell resistance also increased. 
However, cell resistance for 5 wt% microencapsulated VC was lower than 5 wt% directly-added 
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VC. The lower VC concentration from capsules helps to prevent excessive interfacial reaction, 
leading to a decrease of cell resistance.  
To better understand the decrease of cell resistance for microencapsulated VC, we further 
investigated pouch cells with 3 electrodes and measured the cell resistance of the graphite anode 
and the LMO cathode separately [85, 86]. The configuration of 3-electrodes pouch cell is shown 
in Fig. 4.3a. A lithium metal chip connected to copper wire with polymer coating serves as a 
reference electrode and was placed between two separators. Two separate EIS curves for the 
graphite anode and the LMO cathode were obtained simultaneously. Fig. 4.3b shows the cell 
interfacial resistance values of graphite, LMO, LMO + graphite, and full cell resistance (using 2 
electrode measurement). All resistance values were normalized by the LMO electrode resistance 
of pouch cell with 0 wt% VC. Ideally, the full cell resistance value should be the same as the cell 
resistance value of LMO + graphite. For 0 wt% VC, the average value of LMO + graphite is 
Figure 4.2: EIS spectra after 5 cycles at C/10 rate for LMO/graphite pouch cells with 
different electrolytes (curves were shifted left to zero in order to see the clear difference 
of cell resistance). 
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slightly higher than the full cell values. In other electrolytes, both values were identical, indicating 
the 3-electrodes pouch cell experiment was performed correctly. The LMO cathode resistance 
increased with VC concentration from 0 to 10 wt%. In the graphite anode, a similar trend occurred 
as the VC concentration increased from 2 to 10 wt%. Graphite anode resistance for 2 wt% VC was 
a little lower than 0 wt% VC, while full cell resistance for 2 wt% VC was slightly higher than 0  
Figure 4.3: Structure of 3-electrodes pouch cell (a) and cell resistance of LMO cathode, 
graphite anode, and LMO + graphite and LMO/graphite full cell (normalized by LMO cell 




Figure 4.4: Impedance change of LMO/graphite pouch cells during 400 cycles at 1C-rate 
and room temperature for electrolyte with directly-added and microencapsulated VC 
additives. EIS spectra for a) directly-added and b) microencapsulated, and c) ohmic and 
cell resistance values. 
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wt% VC. The higher cell resistance of the graphite anode at 0 wt% VC may result from 
experimental error. In the pouch cell with 5 wt% microencapsulated VC, the graphite anode 
resistance was much lower than pouch cell with directly-added 5 wt% VC, while LMO cathode 
resistance was similar. We hypothesize that the decrease of cell resistance for pouch cells with 
microencapsulated VC results from a beneficial effect of VC-derived SEI layer formation on 
graphite anode. 
Impedance changes of LMO/graphite pouch cells containing electrolyte with directly-added 
and microencapsulated 5 wt% VC were investigated during 400 cycles at 1C rate and room 
temperature (Fig. 4.4). In both cases, the size of the characteristic semi-circles at both the high and 
mid-frequency range increased with cycle number. Pouch cells with encapsulated VC maintained 
lower cell resistance over 400 cycles than pouch cells containing the same amount of VC added 
directly to electrolyte (Fig. 4.4c). 
4.3.3. Electrochemical Performance at 55 °C  
Mn dissolution is a key reason for performance degradation of LMO/graphite batteries. Mn2+ 
ions are dissolved out of LMO leaving Mn4+, which results in large distortion of the crystal 
structure and severe capacity loss [80]. Dissolved Mn2+ ions are deposited on the graphite anode, 
changing the composition of the anode SEI and causing impedance rise and capacity fade [25]. 
LMO/graphite batteries show poor cycling performance especially at higher temperature (50 ~ 
65 °C) due to accelerated degradation process [21, 43].  
The production of HF in the electrolyte due to reaction with trace water or thermal 
decomposition of LiPF6 causes Mn
2+ dissolution [80]. We examined the HF amount for LiPF6 
electrolytes with varying VC conditions (0, 5 wt% VC and 5 wt% microencapsulated VC) stored 
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at 55 °C for 1 and 5 days. HF content in the electrolyte was measured by titration method (Fig. 
4.5). After 1 day, the HF concentration for electrolyte containing 0 and 5 wt% VC was around 200 
ppm and the HF concentration for electrolyte with 5 wt% microencapsulated VC was slightly 
higher. After 5 days, the HF concentration for 0 and 5 wt% VC slightly increased. In contrast, the 
HF amount in electrolyte containing the microencapsulated VC increased to 1000 ppm after 5 days. 
We attribute this significant increase of HF in electrolyte to trace water existing in the capsules 
retained from the microencapsulation process. Thus, the increase of water content in electrolyte 
from microencapsulated VC will restrict any performance enhancements from time-release of VC.  
To minimize water content and HF production, we added hexamethyldisilazane (HMDS) to 
the electrolyte. HDMS additive is known to minimize water and HF production, as shown in Fig. 
4.6 and enhance the performance of LMO/graphite batteries by suppressing Mn dissolution.[53] 
































Figure 4.5: HF titration of LiPF6 electrolyte with various VC conditions (0, 5 wt% VC and 
5 wt% VC capsules) stored at 55 ˚C for 1 and 5 days. 
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We used HMDS as a co-additive along with VC or encapsulated VC, since it is electrochemically 
stable at the operating voltage window of lithium-ion batteries and does not affect SEI formation 
[48]. Table 4.1 summarized the results of HF titration for the different electrolyte conditions with 
HMDS. At 2000 ppm HMDS, electrolyte with 0 and 5 wt% directly-added VC showed no HF 
during 5 days at 55 °C but 161 ppm of HF was detected in the electrolyte containing 5 wt% 
encapsulated VC after 1 day. At 5000 ppm HMDS, however, no HF was detected during 5 days in 
the electrolyte with 5 wt% encapsulated VC. 
1) Color of electrolyte with methyl orange indicator was yellow 
Table 4.1: Summary of HF titration for different electrolytes (w/ HMDS) 
Figure 4.6: Reaction mechanism of HMDS additives with water and HF 
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The capacity retention of LMO/MCMB pouch cells with different amount of VC (0, 2, 5 wt% 
VC and 5 wt% encapsulated VC) was characterized with 5000 ppm HMDS and no HMDS (Fig. 
4.7). Pouch cell cycling was performed at 55 °C and 0.5C rate after 3 formation cycles at C/10 and 
room temperature. Without HMDS (Fig. 4.7a), the discharge capacity of the pouch cells with 0 
and 2 wt% VC decreased to 50 % after 100 cycles. In the pouch cells 5 wt% VC in electrolyte, 
Figure 4.7: Discharge capacity retention of LMO/MCMB pouch cells with different 
electrolytes (0, 2, 5 wt% VC and 5 wt% VC capsules) at C/10 (room temperature) and C/2 
rate (55 ˚C). a) No HMDS and b) 5000 ppm HMDS. 
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however, capacity retention was improved which was 70 % after 100 cycles. Interestingly, for the 
pouch cell with 5 wt% encapsulated VC, the capacity retention was slightly better than the pouch 
cell with 5 wt% VC directly-added, despite the higher HF content in the electrolyte. When the 
HMDS is added, the capacity retention of all pouch cells was improved (Fig. 4.7b). After 100 
cycles, no HF was detected in any of the pouch cells with HMDS. Previous investigations [43] 
have shown that capacity retention of LMO/MCMB coin cells with VC additive in electrolyte was 
improved upon cycling at 55 °C, while the Mn deposition on the anode after cycling increases with 
VC concentration. A VC-enhanced SEI layer has more mobile Li+ ions than SEI formed in pure 
electrolyte so that it is less influenced to transport Li+ ions despite higher Mn amount on anode. 
Thus, we attribute the improved capacity retention of the pouch cell with encapsulated VC in the 
electrolyte to the formation of a SEI layer, which is more stable at high temperature and less 
sensitive to Mn deposition. 
4.3.4. Mn Deposition and Dissolution 
The amount of Mn deposited on the anode and dissolved from LMO cathode after 100 cycles 
at 55 °C was measured by ICP-MS. As summarized in Fig. 4.8a, Mn deposition on the cycled 
anodes increased with increasing VC concentration in electrolyte with no HMDS from 0 to 5 wt%. 
This result is consistent with prior investigations [43]. For the electrolyte with 5 wt% 
microencapsulated VC, Mn deposition was increased even more significantly due to the higher HF 
content in the electrolyte with microencapsulated VC. With the additives of 5000 ppm HMDS, Mn 
deposition was significantly reduced for all the pouch cells and interestingly decreased with 
increasing VC concentration from 0 to 5 wt%. This trend is opposite with that observed without 
HMDS. For 5 wt% microencapsulated VC, Mn was reduced to around 72 ppm on the anode which 




 Total amount of Mn dissolved from LMO cathode was calculated as total amount of Mn 
existing in both anode and electrolyte after 100 cycles (Fig. 4.8b). In absence of HMDS additives, 
the amount of dissolved Mn ions slightly increased from 16 to 28 µg as directly-added VC 
concentration increases from 0 to 5 wt%. In the pouch cell with 5 wt% encapsulated VC, Mn 
Figure 4.8: ICP-MS analysis of MCMB anodes and electrolytes after 100 cycles (C/2 rate) at 
55 ˚C with and without HMDS additives. (a) Mn deposition on anode and (b) total amount of 
Mn dissolved from LMO cathode (existing in both anode and electrolyte)  
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dissolution was much higher (76 µg) due to trace water from the microcapsules. Total Mn 
dissolution was noticeably decreased to less than 8 µg and similar for all the pouch cells when the 
5000 ppm of HMDS was added. In addition, no HF was detected after 100 cycles for all the pouch 
cells with 5000 ppm HMDS. Thus, the difference between total Mn dissolution with and without 
HMDS presumably results from a physical process such as disproportionation reaction (Mn3+  
Mn2+ + Mn4+) on the surface of the discharged LMO. 
 
4.4. Conclusion 
Time-release of encapsulated VC with the co-additive HMDS enhanced the rate capability 
and reduced Mn deposition in LMO/graphite batteries. Microcapsules containing 90 wt% VC were 
successfully prepared by solvent-exchange encapsulation method where VC diffused into as-
prepared DCB-filled microcapsules at elevated temperature (65 °C) to exchange with DCB core. 
In pouch cells with encapsulated VC (5 wt% VC), microcapsules released a desired amount (2 ~ 3 
wt%) of VC during the first cycle to form SEI layers with lower interfacial resistance. The 
remaining VC was released more slowly to extend battery life-span. In EIS measurement using 
pouch cells with a Li metal reference electrode, the cell interfacial resistance for pouch cells with 
encapsulated VC (5 wt%) was lower than pouch cells with the same amount of VC (directly-added). 
During 400 cycles at 1C rate (room temperature), the pouch cell with 5 wt% VC (encapsulated) 
showed similar cycling stability with lower cell resistance compared to pouch cell with directly-
added 5 wt% VC. HMDS was required as a co-additive to reduce trace amount of water introduced 
by VC capsules. With HMDS, the pouch cells with encapsulated VC showed lower Mn deposition 




MICROCAPSULE STABILITY IN LITHIUM-ION BATTERIES 
 
5.1. Introduction 
Lithium-ion batteries experience capacity fade with extended cycling [1-3, 9]. Capacity fade 
is associated with solid-electrolyte interphase (SEI) layer formation on the anode and subsequent 
loss of lithium ions that contributes to irreversible capacity [4]. Mechanical failure of electrodes 
has also been recognized as an important contributor to capacity fade in lithium-ion batteries [18, 
87], and the mechanical behavior of many electrode materials have been investigated [15, 88-90]. 
Electrodes undergo the volume expansion and contraction during lithiation and delithiation, 
causing stress development in cycling electrodes and mechanical failure like particle cracking, 
crack generation and electrode delamination [91]. The active materials become isolated and the 
electrical pathway is disrupted, leading to impedance rise and capacity fade [11].  
Silicon has potential as a high capacity anode material (4200 mAh/g), but suffers from cycling 
instability due to mechanical degradation associated with huge volume change (~370 %) [15]. 
While the expansion strains of graphite and cathode electrodes is less than 5 %, silicon electrodes 
increase 40 ~ 120 % in thickness upon cycling [12, 13]. Mechanical failure is accelerated under 
more extreme operating conditions such as large temperature changes (-20 - 50 °C) and high rate 
of charge and discharge [18]. 
Various types of silicon nanomaterials, new polymer binder and carbon coating of silicon 
particles has been used to improve the capacity retention [11, 92, 93]. These approaches help to 
reduce the amount of mechanical damages of electrode, but cannot restore the damaged area. 
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Recently, a self-healing binder systems based on a reversible hydrogen-bonds [94] or an dynamic 
ionic bonding [95] was incorporated in composite to enhance capacity retention. These systems 
primarily address smaller scale interfacial debonding between the particles and the matrix.  
Microcapsule-based self-healing materials have been developed to a variety of applications 
such as aerospace, electronics, and coating. In contrast to intrinsic self-healing using reversible 
hydrogen or ionic bonds, microcapsules can heal in larger scale damage (up to ~100 μm) [59, 61, 
96]. As described in Chapter 2-4, microcapsules containing functional additives have been 
introduced into electrolyte to enhance the battery performance and safety [62, 63]. Baginska et al. 
[97] reported the voltage-triggering microcapsules containing 3-hexylthiophene (3-HT). 
Mechanical rupture of the capsules released the 3-HT, which can be electrochemically polymerized 
at voltages above 4 V to form an electrically conductive passivation layer on electrode. However, 
microcapsules have yet to been used for autonomous electrical restoration in batteries. 
Microcapsules containing conductive healing agents have enabled autonomous restoration of 
electrical conductivity [64, 66, 67]. Kang et al. [65] demonstrated the ex-situ electrical restoration 
of nanoparticle Si anode using microencapsulated carbon black suspension. Microcapsules with 
conductive materials can be embedded into electrodes and potentially triggered by mechanical 
damage to restore electrical conductivity (Fig. 5.1).  
In this Chapter, we evaluate microcapsule stability in a lithium-ion battery environment and 
the ability to mechanically trigger these capsules during cycling. DCB (1,2-dichorobenzene)-filled 
PU/PUF double shell-walled microcapsules were incorporated in graphite and silicon electrodes. 
Capsule stability was characterized in a custom cell using an in-situ fluorescence imaging 
technique. After pouch cell cycling, DCB core content released from embedded microcapsules 
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Figure 5.1: Schematic of mechanical degradation mechanisms for a Si composite electrode 





Sodium carboxymethyl cellulose (CMC-Na, average Mw ca. 700,000), poly(vinylidene 
fluoride) (PVDF), graphite powder (< 20 μm), o-dichlorobenzene (DCB), formalin (37 wt%), 
ammonium chloride, resorcinol, hexyl acetate (HA), lithium perchlorate (LiClO4, battery grade, 
dry, 99.99 %), ethylene carbonate (EC), dimethyl carbonate (DMC) and nile red dye were used as 
received from Sigma Aldrich. The polyurethane (PU) prepolymer (Desmodur L75) was provided 
by Bayer Materials Science and used as received. Ethylene-co-maleic anhydride (EMA) 
copolymer (Zemac-400) powder (Mw ~ 400 kDa) was obtained from Vertellus and used as 2.5 wt% 
aqueous solution. Carbon black (CB, Regal 400R) was obtained from Cabot Corporation. 
Fluoroethylene carbonate (FEC) and lithium metal (0.75 mm in thickness) were purchased from 
Alfa Aesar. For electrolyte, 1M LiPF6 / EC:DMC (1/1 by volume) electrolyte was purchased from 
BASF and 1M LiClO4 in EC:DMC (1/3 by volume) was prepared in the Ar-filled glove box. 
Silicon nanoparticles (Si, 99%, 100 nm, plasma synthesized), LFP cathode (LiFePO4), copper (Cu) 
foil (9 μm), conductive nickel and aluminum terminal with adhesive tape, separator (Celgard) were 
purchased from MTI Corporation. An aluminum pouch (3M Corporation) was used for pouch cells. 
5.2.2. Preparation and Characterization of DCB-filled PU/PUF Microcapsules 
The DCB filled PU/PUF double shell-wall microcapsules were prepared by modifying an 
established encapsulation procedure [65, 70] Urea, ammonium chloride and resorcinol were 
dissolved to 1.25 wt% EMA aqueous solution. DCB (10 mL) containing different amount of PU 
prepolymer was added into aqueous solution, emulsified for 4 minutes using homogenizer (Omni 
GHL), and then mechanically stirred at 850 rpm. Formalin was added, keeping the ratio of urea to 
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formalin at 0.375. The emulsion was heated to 55 °C for 4 hours. The detail encapsulation 
conditions for various microcapsules are summarized in Table 5.1. Prepared microcapsules were 
separated by centrifugation (3000 rpm / 5 min) and rinsed with deionized water three times, 
followed by freeze-drying. 
Microcapsule morphology was investigated by SEM (ESEM-FEG) and optical microscope 
(Leica DMR). To measure the shell-wall thickness of PU/PUF microcapsules, microcapsules were 
embedded in epoxy matrix and cross-section of capsule-embedded epoxy was analyzed by SEM. 
In PU/PUF microcapsules with varying UF amount, the capsule shell-wall thickness was also 
estimated based on measured thickness of PU and UF layer for the microcapsules (C2 in Table 
5.1), assuming that the thickness of PU layer is constant and the thickness of UF layer changes 
proportionally with the amount of UF added. Dynamic and isothermal thermogravimetric analysis 
(TGA) was performed to evaluate the thermal stability of microcapsules on Metler-Toledo 
TGA851 under nitrogen gas purging. In dynamic TGA, the temperature was ramped with 10 °C 
/min from 25 °C to 650 °C. For isothermal analysis, microcapsules were heated to 180 °C with 
10 °C /min, then maintained for 3 hours, followed by further heating 650 °C with 10 °C /min. 
5.2.3. Preparation and Characterization of Microcapsule-Embedded Electrodes 
DCB-filled PU/PUF microcapsules were embedded into three different electrodes: 
graphite/CB/PVDF (8/1/1, by wt), graphite/CB/CMC (8/1/1, by wt) and silicon/CB/CMC (6/2/2, 
by wt). Electrodes were fabricated by homogenizing a solvent slurry including active material, CB 
and binder (OMNI International, GHL) for 1 h. Then, microcapsules were added into slurry and 
mixed by hand, followed by homogenization for 1 min. The slurry was then coated on Cu foil by 
doctor blade and dried overnight in ambient conditions to evaporate the solvent. The microcapsule-
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embedded electrodes were dried at 80 °C for 8 h in oven under nitrogen to minimize any remaining 
moisture. Distribution and integrity of microcapsules embedded in graphite and silicon electrodes 
were analyzed by SEM (ESEM-FEG). 
5.2.4. Measurement of DCB Core Release in Battery Environment 
1H-NMR and GC-MS (gas chromatography-mass spectrometry) were used to quantify DCB 
core release under four different conditions summarized in Fig. 5.2.: (a) microcapsules dispersed 
in electrolyte, (b) microcapsules dispersed in electrolyte during cycling, (c) microcapsule-
embedded electrode in electrolyte and (d) microcapsule-embedded electrode in electrolyte during 
cycling. For 1H-NMR characterization, microcapsules or microcapsule-embedded graphite 
electrodes were immersed in electrolyte containing 1 wt% HA as an internal standard, where total 
DCB concentration in electrolyte was 5 wt%. After fixed times, electrolyte was taken by syringe 
and filtered to remove the microcapsules. Filtrates were diluted with CDCl3 solvent for analysis. 
DCB concentration was calculated by comparing the integrals of DCB and HA peaks, and the 
percentage of DCB core release was defined as the mass of released DCB divided by total mass of 
DCB in microcapsules. 
For DCB core release upon cycling, electrolyte without HA was used to eliminate the 
possibility of HA loss by electrochemical reaction during cycling. After cycling, 0.2 g of cycled 
electrolyte was taken and mixed with 0.2 g of standard electrolyte with 1 wt% HA before 1H-NMR 
analysis. For microcapsule-embedded silicon electrodes (c and d in Fig. 5.2), GC-MS 
characterization was used. Microcapsule-embedded silicon electrodes were immersed in 
electrolyte or placed in pouch cell during cycling. After fixed immersion time or cycling test, 0.2 
g of electrolyte was taken, syringe-filtered and mixed with 0.2 g of standard electrolyte (0.1 wt% 
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HA). A mixture of electrolyte (0.15 mL) was added to a mixture of water (1 mL) and 
dichloromethane (DCM, 10 mL) to extract only DCB and organic solvent without lithium salt. 
Based on an established procedure for GC-MS analysis of battery electrolyte [98], DCB release 
was determined from the ratio of HA and DCB peak areas, according to the calibration curve which 
was obtained from reference samples with various DCB contents. 
5.2.5. Pouch Cell Fabrication and Cycling Test 
The pouch cells were prepared with a microcapsule-embedded graphite or silicon as working 
electrodes, and lithium metal or LFP cathode as the counter electrode. Working and counter 
electrodes were assembled with separator, then inserted into an aluminum pouch. After injecting 
electrolyte, the pouch cell was completely sealed. Graphite-based pouch cells was cycled at C/10 
rate, while silicon-based pouch cells were cycled at C/25 rate using battery cycler (Arbin-BT2000). 
5.2.6. Fluorescence Study of Microcapsules Embedded in Electrodes upon Cycling 
For in-situ measurement of microcapsule stability embedded in electrodes upon cycling, a 
fluorescence imaging technique was adapted [88]. For this study, microcapsules containing nile 
red dye were incorporated into graphite and silicon electrodes. Fluorescence images of cycling 
electrodes were captured using a custom cell with a window glass (Fig. 5.9). As described by Jones 
et al. [88], The electrode was spot-weld on metal rod at the center to establish electrical connection. 
The custom cell was filled with electrolyte (1M LiClO4 EC:DMC, 1/3 by vol), sealed, mounted 
and connected to a battery cycler. A Green laser diode (532 nm, CrystalLaser 75 mW) irradiated 
the working electrode and fluorescence signal was captured every 10 min with 0.3 exposure time 
by camera after 620 nm filter to remove the reflected laser light. A shutter was placed in front of 
custom cells, which opened only while capturing images and otherwise blocked the laser to prevent 
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bleaching. Cycling tests were performed after a rest period at least 12 h to fully wet the electrode 
with electrolyte. 
 
5.3. Results and Discussion 
5.3.1. Preparation and Characterization of PU/PUF Microcapsules 
We characterized microcapsule stability in four different environments, summarized in Fig. 
5.2. DCB-filled PU/PUF microcapsules were selected as a model system to study. In prior work, 
PUF or PU/PUF microcapsules containing conductive agents such as a liquid GaIn metal, charge 
Figure 5.2: Experimental test scheme for microcapsules stability in battery environment. 
Microcapsules dispersed in electrolyte (a) and during battery cycling (b), and microcapsule-
embedded electrodes in electrolyte (c) and during battery cycling (d). 
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transfer salts, carbon nanotubes and carbon black have been successfully applied for electrical 
restoration [64-67]. Furthermore, as described in Chapter 3, the DCB core material did not 
significantly affect the battery performance when up to 5 wt% was added directly to electrolyte.  
Figure 5.3: SEM images of PU/PUF microcapsules (C1-C4) with different UF amount and UF 
concentration in EMA solution. a) C1 (1.65 g, 0.028 g/mL), b) C2 (3.3 g, 0.055 g/mL), c) C3 
(6.6 g, 0.110 g/mL) and d) C4 (6.6 g, 0.055 g/mL)  
Table 5.1: Summary of different encapsulation condition for PU/PUF microcapsules 
* Urea was always added in the weight ratio of 0.375 of formalin  
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The PU/PUF microcapsules were prepared at different encapsulation conditions, varying the 
initial amounts of PU and UF (Table 5.1). First, the amount of total UF (urea + formaline) was 
varied from 1.65 g to 6.60 g while holding the amounts of PU and EMA solution constant (C1 - 
C3). For better stability of microcapsules, a higher amount of UF is required to thicken the PUF 
shell-wall. However, when UF was added to EMA solution at high concentration (C3, 0.110 g/mL), 
PUF precipitates were formed on the capsules surface (Fig. 5.3c), indicating inefficient 
encapsulation. The encapsulation recipe was modified to decrease the UF concentration in aqueous 
medium (C4, 0.055 g/mL), resulting in a smooth capsule surface and no PUF precipitates (Fig. 
5.3d). The shell-wall thickness of microcapsules with different amount of UF was measured from 
SEM images as shown in Fig. 5.4. The thickness of the PU/PUF shell-wall increases with 
increasing UF, which fits well to calculated values. Next, the amount of PU was increased while 
amount of UF remained constant (C4 - C8). The measured thickness of PU/PUF shell-wall also 
increased with the addition of the PU prepolymer (Fig. 5.5).  
 
Figure 5.4: Thickness measurement of PU/PUF microcapsules. a) Cross-section SEM images 
of PU/PUF microcapsules (C4) embedded in epoxy matrix and b) shell-wall thickness of 




Temperature stability of the capsules with varying UF and PU amount was evaluated by 
isotheral thermogravimetric analysis holding at 180 °C for 3 h (Fig. 5.6). As shown in Fig. 5.6a, 
the increased amount of UF significantly improved the thermal stability of the microcapsules. For 
capsules with 6.60 g of UF, 40 % of the total mass remained after 3 h. Thermal stability for capsules 
containing increasing amount of PU are shown in Fig. 5.6b. The residual mass in the capsules after 
3 h at 180 °C increased slightly with increasing PU, up until 0.130 g/mL but then decreased at 
higher PU concentration. The cross-linking density of PU layer is determined by the ratio of 
isocyanate and amine groups, and there is optimum value for added amount of PU prepolymer to 
achieve the highest cross-linking density [76].  
5.3.2. Stability of Microcapsules in Electrolyte 
The battery electrolyte is the mixture of polar organic solvents containing highly concentrated 
lithium salts. PU/PUF microcapsules with varying UF amounts (C1, C2 and C4) were added to 
Figure 5.5: Shell-wall thickness of PU/PUF microcapsules with increasing PU 
concentration (C4-C6, C8).   
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electrolyte at room temperature and the DCB core release was measured by 1H-NMR (Fig. 5.7). 
Consistent with the thermal stability, microcapsules with the smallest amount of UF released the 
most core over time. For C1 capsules, 50 % of the DCB core was released to electrolyte for 4 days 
and 65% was released after 10 days. C4 microcapsules with the highest UF amount (6.60 g) were 
Figure 5.6: 180 ˚C isothermal thermogravimetric analysis of PU/PUF microcapsules with 
a) different UF amount and b) PU amount. 
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highly stable, showing no detectable core release after 10 days. We also investigated the DCB core 
release of C4 microcapsules in electrolyte of cycling pouch cell. Pouch cell was fabricated with 
the electrolyte containing 5 wt% capsules, then cycled at C/10 rate for 5 days. C4 microcapsules 
were stable in cycling electrolyte and no DCB was detected by 1H-NMR. 
 
5.3.3. Stability of Microcapsules embedded in Electrodes  
The C4 microcapsules (UF 6.60 g, PU 0.130 g/mL), which exhibited the best thermal 
properties and were stable in electrolyte, were incorporated into graphite and silicon electrodes. 
SEM images in Fig. 5.8 (a, c, e) show the surface of microcapsule-embedded graphite and silicon 
electrodes. The microcapsules on the surface of all the electrodes were intact with spherical shape 
and well-distributed in the electrodes. For the graphite electrode with PVDF binder, the integrity 
Figure 5.7: DCB core release of microcapsules with different UF amount (C1, C2 and C4) 
in electrolyte at room temperature. 
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of embedded capsules through thickness was easily confirmed from a fracture cross-section (Fig. 
5.8b). However, the embedded microcapsules in graphite and silicon electrodes with CMC binder 
were examined by rinsing the electrodes with deionized water to dissolve the CMC binder and 
imaging the filtered solid particles. As shown in Fig 5.8 d and f, the microcapsules were intact in 
both the graphite and silicon electrodes. 
 
Figure 5.8: SEM images of electrodes with embedded microcapsules. Graphite/CB/PVDF 
(a, b), graphite/CB/CMC (c, d) and silicon/CB/CMC (e, f). In d and f, electrodes were rinsed 
with deionized water and solid particles were collected to see embedded microcapsules 
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The stability of microcapsules embedded in graphite and silicon electrodes first was evaluated 
by measuring DCB core release from the electrodes immersed in the electrolyte using 1H-NMR or 
GC-MS (Table 5.2). The microcapsules embedded in the graphite/CB/PVDF or CMC electrodes 
remained stable for 5 days without DCB core release. Capsules embedded in the silicon/CB/CMC 
electrode retained over 95% DCB core after 5 days. Thus, the PU/PUF microcapsules were 
successfully incorporated into the battery electrodes and remained stable in electrolyte. 
 
5.3.4. Stability of Microcapsules upon Battery Cycling 
Finally, the stability of C4 microcapsules was examined in-situ during battery cycling using a 
fluorescence based imaging techniques. Microcapsules embedded in the graphite and silicon 
electrodes are exposed to strains induced during the lithiation and delithiation process. The 
resulting stress can crack the electrodes and potentially rupture microcapsules. The in-situ 
fluorescence imaging set-up is shown in the Fig. 5.9. An electrode is mount in a custom battery 
cell with a window for observation. Microcapsules are prepared with a fluorescence dye, nile red 
dissolved in the DCB core and incorporated to both graphite and silicon electrodes. The 
concentration of microcapsules was 5 wt% to the electrode. The dye in the microcapsules was 
excited by a green laser diode (532 nm). 
Table 5.2: Stability of microcapsules embedded in electrodes immersed in electrolyte 
1) 1.2M LiPF
6
 in EC/EMC (3/7, by wt) and 2) 1M LiClO
4




Figure 5.9: Fluorescence measurement of battery electrode during cycling. a)  
Experimental set-up (adapted with permission from [88]) and b) front-view of custom cell 
with zoomed image of spot-weld electrode. 
Figure 5.10: Emission spectrum at excitation wavelength (532 nm) for DCB solvent with nile 
red dye, electrolytes, 1M LiClO
4
 in EC/DMC (1/3, by vol), containing DCB/nile red (0, 0.2 
and 1 %). 
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Fig. 5.10 shows the emission spectra at 532 nm excitation for the DCB core (w/ nile red), and 
the electrolyte with 0, 0.2 and 1 wt% DCB core. A strong emission peak around 750 nm was 
detected for DCB core with nile red. After dilution in electrolyte, the peak shifted to approximately 
640 nm and lost intensity. Hence, a decrease in fluorescence signal should be observed if capsules 
are damaged during cycling. 
Representative fluorescence images acquired during cycling are shown in Fig. 5.11 and 5.12. 
For the graphite electrode, the initial image and image after 10 cycles were very similar (Fig. 5.11) 
with little change in fluorescence intensity. In contrast, a significant decrease in fluorescence was 
Figure 5.11: Fluorescence images of microcapsule-embedded graphite electrodes (Graphite/ 
CB/PVDF, 8/1/1 by wt) before (a) and after 10 cycles (b). 
Figure 5.12: Fluorescence images of microcapsule-embedded silicon electrodes (Silicon/ 
CB/CMC, 6/2/2 by wt) before (a) and after 10 cycles (b). 
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observed for the silicon electrode after 10 cycles (Fig. 5.12), indicating that the microcapsules 
embedded in silicon electrode were damaged and released DCB core.  
For each image acquired, fluorescence intensity was integrated and normalized by the initial 
integrated value. The normalized integrated intensity is plotted as a function of cycle time in Fig. 
5.13 along with the voltage profile for three different electrodes: graphite/CB/PVDF, graphite/ 
CB/CMC and silicon/CB/CMC. For both of the graphite electrodes, the normalized integrated 
fluorescence intensity showed a repeatable cyclic change in the intensity over 10 cycles due to the 
expansion and contraction of the electrode. Periodic maximum in intensity correspond to the 
voltage reaching a minimum value when the electrode is fully lithiated (Fig. 5.13b and d). After 
10 cycles, the integrated intensity was stabilized with no reduction in intensity value or no bump.  
In contrast, the silicon electrodes exhibit a much different trend in the integrated intensity (Fig. 
5.13e and f). After the first discharge, the integrated intensity was reduced to 80 %. With continued 
cycling, the silicon electrode showed stepwise reduction in the integrated intensity to 65 % after 
10 cycles (Fig. 5.13f). We hypothesized that the microcapsules embedded in the silicon electrodes 
are damaged by the large forces generated at the end of lithiation and the beginning of delithiation. 
The volumetric expansion of silicon electrodes upon cycling is much higher than in the graphite 
electrodes.  
To further understand the change in fluorescence with cycling, we plotted the integrated 
intensity in silicon electrode as a function of voltage, estimated Si volume expansion, and 
accumulated discharge capacity (Fig. 5.14). During the 1st constant current discharge, fluorescence 
intensity remained constant until the voltage dropped below 0.4 V, the voltage at which lithiation 
of silicon particles begins. The intensity drop became more significant at voltages below 0.1 V as
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Figure 5.13. Integrated fluorescence intensity of different electrodes upon cycling (5 wt% DCB-filled microcapsules containing nile 




more lithium ion goes into the silicon electrode. The volumetric expansion of the silicon particles 
is approximated by [12]. 
Figure 5.14: Fluorescence intensity during 1
st
 discharging process on different aspects: 
a) voltage of Si anode, b) Si volume expansion, and c) accumulated discharge capacity.  
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0/ 1Si zV V     (Eq. 5.1) 
Where, VSi / V0 is the Si volume expansion, β is a constant equal to 2.7, and z is the ratio of discharge 
capacity to theoretical maximum capacity (4200 mAh/g). At 0.4 V where lithiation starts, Si 
volume expansion was 1.4 (Fig. 5.14a). As the voltage drops below 0.1 V, the volumetric 
expansion increases rapidly, corresponding to the decrease in fluorescence intensity. Fig 5.14b 
contains a plot of fluorescence intensity versus Si volume expansion in this regime. The decrease 
of intensity is nearly linear with expansion once lithiation starts. Fluorescence intensity also 
decreases linearly with the accumulated discharge capacity (Fig. 5.14c).  
Figure 5.15: Integrated fluorescence intensity at various discharging voltage steps. 
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  We also investigated the effect of SEI layer formation on the measured fluorescence intensity 
(Fig. 5.15). The voltage of the electrode was decreased from the OCV then held at different voltage 
values 2.0, 1.0, 0.5, 0.4, 0.3, 0.2, 0.1, 0.05 and 0.01 V. The SEI layer forms on the silicon electrode 
at 0.5 V, and the lithiation begains at 0.4 V [99]. The integrated intensity remained nearly constant 
during SEI formation (18 – 26 hrs). Thus, we attribute the reduction of fluorescence intensity 
mainly to the lithiation of silicon electrode. The effect of SEI formation on silicon electrode for 
fluorescence intensity drop was negligible.  
 
Figure 5.16: SEM images of post-cycling embedded microcapsules in (a) graphite 
(graphite/CB/PVDF, 8/1/1 by wt) electrode surface, (b) graphite electrode cross-section, (c) 
silicon (Si/CB/CMC, 6/2/2 by wt) electrode surface, and (d) DIW rinsed silicon electrodes 
particles. Capsules loading is 5 wt% in both cases.  
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Graphite and silicon electrodes with 5 wt% microcapsules were analyzed after cycling by 
SEM (Fig. 5.16). In the graphite/CB/PVDF electrodes (8/1/1 by wt), embedded microcapsules on 
the surface and in cross-sectioned area were intact (Fig. 5.16a and b). Consistent with the 
fluorescence study, damaged microcapsules were found on the surface and in DIW rinsed particles 
of silicon/CB/CMC (6/2/2 by wt) electrodes after cycling (Fig. 5.16c and d). As shown in Fig. 
5.16c, formation of microcracks in the silicon electrodes during cycling directly ruptured the 
embedded microcapsules. Additionally, deflated capsules were observed from the interior of 
silicon electrodes (Fig. 5.16d).  
We further quantified microcapsules damage in the silicon electrode by directly measuring 
DCB content in electrolyte released from embedded microcapsules using GC-MS. Pouch cells 
consisting of silicon electrodes with embedded microcapsules as an anode and Li metal or lithium 
iron phosphate (LiFePO4, LFP) as a counter were fabricated, and cycled with a constant current of 
100 mA/g of Si (1, 2 or 5 cycles). Details of the experimental conditions and cycling results are 
summarized in Table 5.3 and Fig. 5.17. The pouch cells had different cycling performance 
depending on the fabrication condition. Initial pouch cells used Li foil as a counter electrode 
(pouch cells #1, 2 in Table 5.3), but higher lithiation capacity was obtained in pouch cells with an 
LFP cathode (cells #3-7). Improved lithiation capacity was also obtained for electrolyte consisting 
of LiPF6 in EC/EMC with 10 wt% FEC additive (cells #4-7) over electrolyte with LiClO4 and no 
additives (cells #3). The different silicon electrodes in Table 5.3 enabled investigation of different 
lithiation capacity and accumulated lithiation capacity on capsule integrity. After pouch cell 
cycling, the electrolyte was taken and mixed with the electrolyte containing 1000 ppm HA as a 
standard, then filtered to remove lithium metal particles in electrolyte. For GC-MS analysis, 















Table 5.3: Summary of pouch cell cycling results for microcapsule-embedded Si electrode (Si/CB/CMC/cap, 6/2/2/0.5, by wt) 
1) DCB in electrolyte after pouch cell cycling was measured by GC-MS 
2) LiClO
4
 electrolyte: 1M LiClO
4
 in EC/DMC (1/3, by vol), LiPF
6
 electrolyte: 1.2M LiPF
6
 in EC/EMC (3/7, by wt) 
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DCB, HA and organic solvents. Then, the DCM solution was centrifuged to exclude residual water 
before analysis. DCB concentration in cycled electrolyte was calculated by an area ratio of GC 
peaks for DCB and HA, based on the calibration curve prepared with reference samples (Fig. 
5.18a).  
Representative GC curves of electrolyte from a fully lithiated pouch cell and an uncyled cell 
are compared in Fig. 5.18b. Peaks for HA and DCB occurred at the retention times of 4.12 and 
4.43 min, respectively. No DCB was observed for the uncycled pouch cell in contrast to the 
prominent DCB peak for electrolyte from the fully lithiated pouch cell. Thus, we conclude that 
capsules embedded in silicon electrodes were damaged by cycling of the electrodes and released 
DCB into the electrolyte.  
Figure 5.17: Lithiation capacity of Si/Li or Si/LFP pouch cells. (Detail information was 
shown in Table 5.3). 
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Microcapsule retention is defined as the DCB retained in the microcapsules survived upon 
cycling of electrodes. Consistent with the in-situ fluorescence measurements, microcapsule core 
retention was correlated to accumulated lithiation capacity as shown in Fig. 5.19. For fully lithiated 
pouch cells (e.g. #6), about 40 % of microcapsules were damaged and released core materials. 
Figure 5.18: GC peaks (a) for reference electrolyte (w/ 1000 ppm HA) with known DCB 
content and calibration curves for LiPF6 and LiClO4 based electrolytes (inset), and (b) for 
electrolyte of pouch cells where capsule-embedded electrodes were fully lithiated or not. 
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Interestingly, capsules were not damaged all at once during the first cycle but continued to release 
in subsequent cycles. 
  
5.4. Conclusion 
Autonomous triggering of core release from microcapsules embedded in battery electrodes 
upon cycling was demonstrated. DCB-filled PU/PUF double shell-walled microcapsules prepared 
with PU 0.13 g/mL and UF 6.60 g) showed best thermal stability in 180 °C isothermal TGA and 
no release of DCB core in battery electrolyte. These microcapsules survived electrode fabrication 
process and were successfully incorporated to graphite and silicon electrodes. An in-situ 
Figure 5.19: Microcapsule retention versus accumulated lithiation capacity. Capsule 
retention was obtained from in-situ fluorescence intensity of cycling electrodes and GC-
MS analysis of electrolyte after pouch cell cycling. 
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fluorescence imaging technique was developed to access the integrity of microcapsules embedded 
in electrodes during cycling. In graphite electrode with PVDF or CMC binder, the integrated 
fluorescence intensity remained stable over 10 cycles. In great contrast, the fluorescence decreased 
to 20 % in the first cycle, then another 15 % over the next 9 cycles due to mechanical stress induced 
from large volume change of silicon particles. Ruptured microcapsules in cycled silicon electrode 
were also observed by SEM and the amount of DCB core released in electrolyte was quantified by 
GC-MS. This study demonstrates that capsules can be mechanically triggered in battery electrodes 














SUMMARY AND FUTURE WORK 
6.1. Summary 
Microcapsule-based strategies for enhanced performance of lithium-ion batteries are 
developed and successfully demonstrated via two distinct approaches: (1) time-release of 
encapsulated battery additive, vinylene carbonate (VC) and (2) autonomous triggering of 
microcapsules embedded in battery electrodes upon cycling. In time-release approach using 
encapsulated VC, microcapsules release appropriate amount of VC into electrolyte by diffusion 
through capsule shell-wall. In second approach, microcapsules were incorporated to battery 
electrodes then mechanically triggered by the volume change of electrode materials during cycling. 
It was challenge to encapsulate VC using common encapsulation techniques such as in-situ 
polymerization, interfacial polymerization or solvent evaporation. In this research, VC-filled 
microcapsules (2.6 μm) were successfully prepared by solvent-exchange encapsulation method 
which allows VC diffuse to as-prepared microcapsules at elevated temperature. The degree of 
solvent-exchange over time at different temperature was measured by 1H-NMR and indicated that 
process is temperature-dependent. VC microcapsules contained about 90 wt% VC in total mass 
with residual DCB less than 5 wt%. In cyclic voltammetry and cycling test, it was determined that 
residual DCB in microcapsules do not affect the battery performance. 
Timed release profile of encapsulated VC was evaluated using 1H-NMR not only in just 
electrolyte but also in operating pouch cells. In electrolyte, VC microcapsules rapidly released 
about 60 % of VC core within 4 h, then slowly released up to 85 % of total VC for 8 days. 
Considering that SEI layer formation start to form within a few minutes at the first charge of 
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batteries, VC release profile is suitable for battery application, since initial VC concentration of 
electrolyte can be much reduced by time-release of encapsulated VC. Actually, in the pouch cell 
with encapsulated VC (5 wt% VC), VC concentration during the first cycle was 2 ~ 3 wt%.  
Time-release of encapsulated VC to enhance the rate capability of lithium-ion batteries 
without a trade-off in capacity retention was demonstrated in NCA/graphite and LMO/graphite 
batteries. In NCA/graphite batteries, the rate capability of pouch cell with VC microcapsules (5 
wt% VC) was enhanced due to reduced cell resistance and normalized discharge capacity at 5C 
rate was 2.5 times higher than the pouch cell with 5 wt% VC (directly-added), while both of pouch 
cells showed similar cycling stability. The same effects at cell resistance and capacity retention 
were found in LMO/graphite batteries as well. In EIS measurement using the pouch cells with Li 
metal reference electrode, it was determined that a reduction of cell resistance in pouch cell with 
encapsulated VC attributed to a significant decrease of graphite anode resistance. Mn deposition 
and dissolution were measured for the pouch cells cycled at 55 °C. Mn deposition on cycled anode 
increased with initial VC concentration in electrolyte for pouch cells with 0, 2 and 5 wt% VC 
(directly-added). In pouch cell with encapsulated VC (5 wt% VC), Mn deposition was higher 
compared to that in pouch cell with the same amount of VC (directly-added) due to higher trace 
water in microcapsules. In the presence of 5000 ppm HMDS additives, however, the pouch cell 
with encapsulated VC (5 wt%) showed lower Mn deposition than the pouch cell with 0, 2 and 5wt% 
VC (directly-added). 
As the second approach of microcapsule-based strategies, autonomous triggering of 
microcapsules embedded in battery electrodes upon cycling was demonstrated successfully. First 
of all, DCB-filled PU/PUF double shell-walled microcapsules containing various amount of UF 
and PU were prepared by modifying the established encapsulation recipe, and thermal and 
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chemical stability of microcapsules were evaluated by isothermal TGA analysis and measuring 
DCB core release of microcapsules immersed in electrolyte using 1H-NMR method. 
Microcapsules (PU 0.13 g/mL and UF 6.6 g) which shows the highest thermal stability at 
isothermal TGA and no DCB core release in electrolyte, have been selected for battery applications. 
Microcapsule-embedded graphite or silicon electrodes were fabricated successfully and no capsule 
damages was found. For real-time evaluation for the mechanical triggering of microcapsules 
embedded in electrodes, in-situ fluorescence imaging technique was developed. In contrast to 
graphite electrodes, integrated fluorescence intensity in silicon electrode decreased to 65 % for 10 
cycles. SEM showed ruptured microcapsules in cycled silicon electrode. Release of DCB core 
from microcapsules embedded in silicon electrode upon cycling was also quantified by GC-MS, 
which was consistent with fluorescence study and directly proved the mechanical triggering of 
microcapsules in cycling electrodes.  
  
6.2. Future Work 
6.2.1. Application of Encapsulated VC to Batteries with Silicon Anode. 
Time-release of encapsulated VC can be applied to enhance the performance of silicon anode. 
It is well-known that the addition of additives significantly improve the cycling stability of silicon 
anode. Fluoroethylene carbonate (FEC) additives is considered as a standard additives for testing 
silicon anodes due to its positive effect on the coulombic efficiency [16, 46]. VC is also known to 
enhance the performance of silicon anode, but has been less focused on than FEC. However, recent 
study for the influence of FEC and VC additives on nano-silicon anode claimed that VC additives 
clearly outperformed the FEC additive in terms of lifetime and efficiency, resulting from the 
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formation of a very flexible surface film that can survive the large volume change of silicon 
particles [100]. On the other hand, VC-derived surface film is more resistive for Li ions 
transportation, which leads to diminish capability for high power applications. In this sense, time-
release of encapsulated VC can provide a solution to enhance the rate capability of silicon anode 
without a trade-off of cycling stability, as demonstrated in this dissertation. 
6.2.2. Self-healing Silicon Electrode using Microcapsules including Conductive Agents 
As described in Chapter 5, it was demonstrated that microcapsules embedded in silicon 
electrode can be mechanically triggered by the volume change of silicon particles upon cycling. 
The following task is to incorporate microcapsules containing conductive agents into silicon 
composite electrodes for autonomous electrical restoration of silicon anode. As introduced in the 
dissertation, microcapsules with various conductive materials have been developed. Carbon black 
can be a good candidates in that it is already used as a component of electrode.  
In previous study, ex-situ conductivity restoration of silicon electrode was demonstrated using 
large microcapsules above 100 μm. However, for self-healing silicon electrodes, small 
microcapsules with diameter less than 5 μm are required. In addition, capsules are ruptured in the 
presence of electrolyte, which may make the healing process difficult. If released carbon black 
particles do not fill the damaged region and are rinsed with electrolyte, conductivity restoration 
cannot be achieved. Thus, strategy for the effective delivery of healing agents is required. In terms 
of capsule stability, addition of carbon black in core solvent may harm integrity of microcapsules 
potentially by forming defects on capsule shell-wall. Thus, it needs to evaluate the stability of 
microcapsules containing carbon black suspension in battery environment using experimental 
methods as described in this dissertation. Once microencapsulated carbon black suspension is 
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embedded to silicon electrode, impedance change of microcapsule-embedded silicon electrode 
upon cycling can be monitored by EIS measurement and compared with impedance change of 
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